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CHAPTER 1. GENERAL INTRODUCTION 
Dissertation Organization 
This dissertation is organized in an alternative formaL It contains four chapters 
including general introduction and general sununary. References are placed at the end of 
each chapter. Two chapters include papers: Chapter 3 is paper reviewed by Nature Genetics, 
and Chapter 2 is in preparation for submission to Genetics for formal publication. 
Chapter 2 presents an analysis of the effects of a maize transposable element 
(transposon). Activator (Ac), on homologous recombination at maize P locus. The results 
show that the insertion position of the Ac transposon relative to two homologous direct 
repeats at the P locus can affect the frequency of the homologous recombination, whereas the 
orientation of the transposon insertion may not have a significant effect on recombination. 
The possible mechanism is discussed. This is the first report to demonstrate that a transposon 
insertion position can affect the frequency of homologous recombination in plants. 
Chapter 3 demonstrates that transposon-induced homologous recombination can 
occur on an artificial construct in transgenic Arabidopsis, a dicotyledonous model plant. 
Here, the maize transposon (Ac/Ds system) increases homologous recombination frequency 
over 1000 fold in plants with an active transposon than in control plants with the same 
reporter construct but lacking an active transposon. In Arabidopsis, transposon-induced 
recombination was observed in different organs during different developmental stages, and 
several germinally transmitted events were recovered. Therefore, transposon-induced 
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homologous recombination appears to be a general phenomenon in plants and may play an 
important role in genome evolution. 
Literature Review 
Transposable elements are segments of DNA that can promote their own insertion 
into new locations via element-encoded transposase proteins. Transposable elements are 
widespread among different organisms and play an important role in genome evolution. 
(Ginzburg era/. 1984; Mackay 1986; Finnegan 1989; Kidwell and Lisch 1997). 
Transposable elements in bacteria 
In bacteria, there are three type of transposable elements: Insertion seguenceJlS) 
elements, transposons (Tn) and Mu bacteriophage. IS elements were discovered during the 
study of mutations in the galactose and lactose operons (Jordan et aL 1968; Malamy 1966, 
1970; Shapiro 1969) and in the early genes of bacteriophage k (Brachet etal. 1970). Electron 
microscopic analysis of DNA/DNA heteroduplexes indicated that many of these mutations 
carried distinct DNA segment insertions; hence they are called insertion sequences (Fiandt et 
al, 1972; Hirsch et aL 1972; Malamy et al. 1972). After the initial discovery of IS elements 
(ISl, IS2, IS3, IS4), many others were found in the genomes, plasmids and bacteriophages of 
a wide range of bacterial genera and species. The length of IS elements are from 800 to 2500 
bp, and their copy number is from 0 to a few hundred per genome. All IS elements have 
perfect or nearly perfect terminal inverted repeats (IRs) of about 9-41 bp. These are 
recognition sites for transposase, which is the enzyme for transposition produced by the 
transposable element Upon insertion into a new position, an IS element generates small (2 to 
3 
13bp) directly repeated duplications of the target DNA at the insertion point This sequence 
is called target site duplication (TSD). The original IS element remains in place (Ohtsubo and 
Sekine 1996). 
Prokaryotic transposons (Tn), like IS elements, encode transposase, have inverted 
terminal repeats and generate target site duplications. Unlike IS element, Tns usually contain 
other genes, such as drug resistance genes. In addition, Tns can be classified into two groups: 
1) Composite transposons are complex transposons with a central region containing genes 
(including drug resistance genes) flanked by IS elements on both sides. For example, TnlO 
has two IS 10 elements located in opposite orientation at both ends. Between the IS 10 
elements, there is -6.7 kb of unique sequence including a tetracycline resistance gene. TnlO 
generates a 9 bp target site duplication after transposition (Kleckner 1979, 1989). 
2) Noncomposite transposons also carry drug resistance genes like composite transposons, 
but they do not terminate with IS elements. They have their own terminal inverted repeats 
required for transposition. Tn3 is one example of a noncomposite transposon; it contains an 
ampicillin resistance gene and it is the first described transposon carrying an antibiotic 
resistance gene (Hedges and Jacob, 1974). Tn3 is 4957 bp and has 38 bp terminal inverted 
repeats. In addition to the ampicillin resistance gene, Tn3 contains the tnpA and tnpB genes 
encoding the transposase and resolvase for Tn3 transposition in the central region. Tn3 
produces a 3 bp target site duplication (Heffron et al. 1979; Grindley 1983). 
There are two types of transposition mechanisms used by bacterial transposons. 1) 
Replicative transposition involves the fusion of the donor DNA carrying the transposon and 
the recipient DNA into a single molecule known as a co-integrate. The transposon becomes 
duplicated with one copy located at each junction between donor and recipient DNA 
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Subsequently, the co-integrate resolves into two products, each containing one copy of the 
transposon. 2) In nonreplicative transposition (or simple insertion), the transposon moves 
from one location to another without replication. The element is lost fr-om the original 
position. DiSerent transposons can use different mechanisms; for example, Tn3 uses 
replicative transposition, while TnlO transposes by a nonreplicative mechanism. Most of the 
transposable elements have only modest or little target site-selectivity. However, bacterial 
transposon Tn7 can insert at high frequency into a specific site called an "attachment" site, or 
attTnJ, in the chromosomes of many bacteria (Barth etaL 1976; Craig 1989, 1991) 
Ty elements in Saccharomyces cerevisiae 
Ty elements in yeast are called retrotransposons because their mechanism of 
transposition is similar to that of retroviruses (Boeke and Sandmeyer 1991). Ty elements 
transpose by making an RNA copy of the integrated DNA sequence and then generating a 
new Ty element by reverse transcription. Ty elements have long terminal repeats (LTRs) at 
their ends, which range from about 150 bp to 2 kb. The 5' end LTR serves as the promoter, 
and the 3' LTR is utilized as the transcription terminator. The mRNA contains two open 
reading frames (ORPs) for gag and pol polyproteins. Gag is a structural protein involved in 
assembly into a virus-like particle. Pol encodes the enzymes required for replication, 
including protease, integrase, reverse transcriptase and ElNase H. After translation, GAG 
proteins assemble into the particles with POL proteins, the template mRNA, and a primer 
tRNA inside. Reverse transcription takes place inside the particles and generates a cDNA 
copy. The cDNA then integrates into the chromosome by using the integrase protein which 
creates a 5 bp target site duplication (Boeke and Sandmeyer 1991, Xiong and Eickbush, 
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1990). In yeast, there are five Ty element families, Tyl-Ty5 (Boeke and Sandmeyer 1991; 
Voytas and Boeke, 1992). Ty elements also do not have specific insertion sequence 
preference, but recent studies revealed that Ty5 events are targeted to silent chromatin 
regions. Thus, it appears that chromatin structure plays a role of directing Ty5 integration 
(Zou etal 1995, 1996). 
P element in Drosophila 
The Drosophila P element is 2907 bp in length and has a perfect 31 bp terminal 
inverted repeat and an 11 bp subterminal inverted repeat. The P element generates an 8 bp 
target site duplication caused by a staggered cut at the time of insertion (O'Hare and Ruben 
1983). Several research results indicate that the P elements transpose via a nonreplicative 
mechanism and do not involve an RNA intermediate (Engels et al. 1990; Kauman and Rio 
1992). 
A number of studies on the insertion preference of P element indicate that 
euchroraatic sites are more often targeted than heterochromatin (Engels 1989; Berg and 
Spradling 1991). Within euchromatin regions, some loci have higher frequency of P element 
insertion (Green 1977; Simmons et al. 1984; Robertson et oL 1988; Williams and Bell 1988). 
Within genes, P elements more often insert into noncoding upstream regions (Kelley et al. 
1987). O'Hare et aL reported that P elements were more likely to insert into sequences 
containing a consensus octamer GGCCGAC (O'Hare and Rubin 1983; O'Hare et al. 1992). 
Some P elements preferentially insert into sites closely linked to the donor sites (Tower et aL 
1993; Golic 1994). Also, during interchromosomal transposition, P elements preferentially 
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insert into the corresponding region of the homologous chromosome (Tower and Kurapati 
1994). 
During P element transposition, a double-strand DNA break is created at the donor 
site and is repaired by using the homologous sequence from the sister chromatid (Engels et 
al. 1990; Gloor et oL 1991). At least two Drosophila proteins, the Ku and DNA-dependent 
protein kinase (DNA-PK) proteins participate in the repair process (Beall et al. 1994; Weaver 
1995; Beall and Rio 1996). A recent study demonstrated that P transposase made a novel 
cleavage at the donor site: the transposase cut staggeredly at the P element termini to 
generate 17 nucleotide 3' extensions at each P element end, and the terminal single strands 
bound the transposase during transposition (Beall and Rio 1997, 1998). The P-element-
induced double strand break has been successfully used in gene replacement experiments to 
manipulate specific sites in the Drosophila genome (Gloor etal. 1991; Heslip and Hodgetts 
1994). 
Transposition of P elements can significantly increase the level of recombination in 
Drosophila male germline (Hiraizumi 1971; KidweU and Kidwell 1976) and somatic cells 
(Sved et al. 1990). Most male recombination events occur through an aberrant transposition 
process, and are associated with flanking sequence duphcations and deletions (Gray et al. 
1996; Preston and Engels 1996; Preston et al. 1996). 
Transposable elements in maize 
Barbara McClintock first developed the concept of transposition in maize based on 
changes in chromosomal position of a locus of chromosome breakage she called Dissociation 
(Ds). Subsequently, she identified transposable elements as causative agents of the 
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instabilities of several loci (McClintock 1948, 1949). Since that dme, different transposable 
elements have been discovered and studied. For example, Peterson has identified several 
tnaiyp transposons such as En/Spm, Uq, Feu, Spf (Peterson 1953; Gonella and Peterson 
1978; Eriedemann and Peterson 1982). The best studied Activawr-Dissociation, 
Enhancer-inhibitor (Suppressor-mutator), Mutator and Dotted element families (Doring et 
al. 1986; Fireeling 1984; Nevers and Saedler 1977). There are two types of transposable 
elements in each family: autonomous elements and nonautonomous elements (McClintock 
1950). An autonomous element can transpose by itself since it encodes the transposase, 
whereas nonautonomous elements can not catalyze their own transposition because they lack 
the functional transposase. Nonautonomous elements may be derived from autonomous 
elements by deletion, mutation, but some others contain sequences unrelated to the 
autonomous elements except for the two termini (Doring and Starlinger 1986; Fedoroff 
1989). When the autonomous member of a transposable element family is present in the 
genome, transposase is provided and the nonautonomous elements can transpose. The 
following section discusses maize transposable elements in more detail using the Activator-
Dissociation (Ac/Ds) system as an example. 
Structure of Ac/Ds elements 
The Ac element is a 4.6 kb autonomous transposable element. It has 11 bp imperfect 
(one mismatch) terminal inverted repeats ( l lKs) (Figure la). An 8 bp target site duplication 
(TSD) is generated at its insertion site by staggered cuts during the insertion process (Phlman 
et al 1984; Muller-Neumann et al. 1984; Freeling 1984). Kunze et oL found that the Ac 
element encoded one 3.5-kb mRNA that contained 5 exons and was translated into a single 
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a. Ac element 
5' end 
CAGGGATGAAA 
3' end 
TTTCATCCCTA 
b. Ds elements 
Ds9 
•cl" Ds2 
Dsl 
Insertion site 
Double Ds 
Figure 1. The structures of Ac and Ds elements 
•, exon; •, subtenninal; H, sequence unrelated to Ac; •, TIRs; •, TSD 
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product consisting of 807 anuno acids. The sequence of Ac required to catalyze transposition 
in trans starts about 300 bp from the 5' end and terminates at 264 bp from the 3' end. This 
region contains the transposase gene (Kunze et al. 1987). Several transcription start sites 
were found between 302 and 357 bp from the 5' end of the element (Kunze etoL 1987). Near 
the TTRs and about 250 bp from both ends, there are sub-terminal regions that are important 
for transposition (Feldmar and Kunze 1991; Coupland et al. 1988,1989; Kunze and Starlinger 
1989). 
Dsisa nonautonomous transposable element and can transpose if Ac transposase is 
present. Interestingly, the structures of Ds elements are heterogeneous, but they all have Ac-
like TTRs. There are four different types of Ds elements based on their structures (Figure lb). 
1) The simple Ds elements, like Ds9 (Pohlman et al. 1984), contain deletions of the internal 
sequences of Ac elements. 2) Composite Ds elements, like Ds2 (Merckelbach et al. 1986) 
and wxB4::Ds (Varagona and Wessler 1990), have rearranged Ac sequences or unrelated 
sequences in the internal region. 3) The Dsl elements have 13-bp 5'end and 26-bp 3' end 
(including the TIRs) sequences homologous to Ac element, but otherwise they share no 
similarity to Ac element (Sutton et aL 1984; Gerlach et al. 1987). 4). Double Ds elements 
contain one internally deleted Ds element inserted into another identical Ds element in 
opposite orientation (Doring et al. 1984). 
The transposition of Ac/Ds elements 
The first clues to Ac transposition came from studies of Ac transposition from maize 
P locus (see following section). Greenbatt and Brink first found that Ac transposition was 
nonreplicative because it physically excised from the donor site and reinserted in a new 
10 
position (Greenblatt and Brink 1962). Genetic and molecular evidence shows that Ac 
transposes during or shortly after completion of DNA replicatioiL Moreover, only one of the 
replicated Ac elements is able to transpose (Figure 2; Greenblat 1984; Chen et aL1987, 
1992). However, in Petunia and tobacco protoplasts, the excision of Ac/Ds from supposedly 
unreplicated plasmids was detected (Houba-Herin etal. 1990, 1994). More recent 
experiments were done utilizing the wheat dwarf virus (WDV) origin of replication and 
WDV genes required for viral DNA replication in plasmids. In this system, Ds excised at 
least 3 X 10^-fold more frequently from replicating vector DNA than nonreplicating vector 
DNA in maize cells (Wirtz et aL 1997). The excised Ac can reinsert into replicated or 
unreplicated target sites (Figure 2; Chen et al. 1992). It is well documented that Ac preferred 
to insert to physically linked target sites (Dooner and Belachew, 1989; Dowe et al. 1990; 
Peterson 1990; Grotewold et al. 1991; Athma et al. 1992; Weil et al. 1992; Chen et al. 1992), 
which indicates that the Ac donor and recipient site may be physically associated during 
transposition (Greenblatt 1984; Schwartz 1989a; Robbins et al. 1989). 
Ac/Ds element transposition in cis required the 11 bp of i lKs and about 250 bp of the 
sub-terminal regions at each end (Coupland et al. 1988,1989; Varagona and Wessler 1990). 
The replacement of the four terminal bases from the 3' TIR of Ac (Hehl and Baker 1989) or 
the five terminal bases from 5' TIR (Healy et al. 1993) completely abolished transposition of 
the element. The sub-terminal regions of Ac contain repetitive AAACGG motifs and ACG 
and TCG trinucleotides. In vitro, Ac transposase can bind to these motifs (Kunze and 
StarUnger 1989). The mutation of individual copies of the motifs resiilts in a reduction in 
excision frequency (Chatteijee and Starlinger 1995). The 0.4-kb Dsl element has only one 
AAACGG motif closely adjacent to the 5' TIR. The mutation of this motif completely 
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X7 
Rgure 2. Two possible sites for Ac transposition, and their genetic consequences 
(a) transposition into replicated DNA (b) transposition into unreplicated DNA. Note that only 
one copy of replicated Ac is able to transpose. active Ac; inactive Ac 
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abolished Dsl excision (Bravo-Angel et oL 1995). This further confirmed the importance of 
the sub-terminal region for transposition. Recently, a bipartite DNA binding domain in Ac 
transposase has been characterized; this domain recognizes the subterminal sequences and 
the terminal inverted repeats (Becker and Kunze, 1997). Ac transposase binds to ACG and 
TCG trinucleotides, which are repeated more than 20 times in the subterminal region. This 
study demonstrated that the C-terminal subdomain of transposase can bind the subterminal 
region alone, whereas both C- and N-terminal subdomains are required to bind TIRs. 
The Ac element can reversibly cycle between active and inactive phases during plant 
and kernel development, termed "changes in phase". In the inactive phase, an Ac element 
behaves like Ds (McClintock 1963, 1964, 1965). The inactivation of Ac was shown to be a 
somatic process and to be associated with hypermethylation of restriction sites in the 
promoter and untranslated leader region (Schwartz and Dennis 1986; Chomet et aL 1987; 
Schwartz 1989b; Brutnel and DeUaporta 1994). Schwartz and Dennis (1986) and Wang et 
a/.(1996, 1998) performed an extensive analysis of changes in phase of Ac in the wx-m9 
allele. They showed that the active Ac is hypomethylated near the 5' end of the element, the 
inactive form is completely methylated at all HpoH. sites, and the revertant Ac is partially 
demethylated. In all phases, the 3' ends of Ac are heavily methylated. The methylation is 
limited to the Ac element and does not extend to the flanking DNA (Schwartz and Dennis 
1986). Other restriction sites near the transcription start site of the Ac element are methylated 
in two other inactive forms {wx-m?::inactive and P-w::!) (Chomet et al. 1987; Brutnel and 
DeUaporta 1994). The transcription level of the inactive element is very low and hence little 
or no transposase is detected (Kunze 1988; Brutnel and DeUaporta 1994). Interestingly, 
methylation of the BamtQ site in the promoter region of Ds9 inactive form is reversed in the 
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presence of an active Ac element in the genome. Therefore, the trans-acting transposase 
induces demethylation of the methylated Ds9 inactive form (Schwartz 1989). Additionally, 
tissue culture conditions result in reactivation of silent Ac elements (McClintock 1984; 
Peschke et al. 1987), and this reactivation process is also associated with the demethylation 
of the element (Brettell and Dennis 1991). Some retrotransposons can also be reactivated 
during tissue culture (Hirchika 1993). 
The Ac elements in the wx-m7::Ac and wx-m9::Ac alleles are identical, yet they eUcit 
different excision patterns of a Ds element in the bz-m2 allele. These differences are due to 
specific trans effects of each Ac element, and not the presence of modifier genes in the maize 
genome (Heinlein 1995). On the other hand, some lines of evidence indicate that host plant 
genes are involved in transposition. Host proteins that bind subterminal regions of Ac 
elements were found in both tobacco and maize (Becker and Kunze 1996; Levy et al. 1996). 
Additionally, a recessive mutation found in Arabidopsis can increase the frequency of Ac 
transposition. These data support the idea that host factors participate in Ac/Ds transposition 
(Jarvis et al. 1997). 
Ac/Ds elements in heterologous plants 
Ac/Ds elements have been shown to be able to transpose in many heterologous plants 
(Table 1). In tomato, the germinal transposition frequency of Ds elements is about 15-40%, 
but it varied between and within plants (Belzile et aL 1989; Carroll et al. 1995). In tobacco, 
the germinal excision frequency of Ac/Ds is reported to range from 0 to 83%, but in most 
plants, the frequency is about 2%-5% (Hehl and Baker 1990; Jones et al. 1989,1991; 
Rommens et al. 1992; Scofield et al. 1992). In general, the Ac activity in tomato and tobacco 
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is higher than in maize, where the germinal transposition frequency of Ac is reported to range 
from about 0.4%-17% (Brink and Williams 1973; Dooner and Belachew 1989; Greenblatt 
1968). However, measuring transposition frequency in plants is problematic. Plants lack a 
germ line, so somatic excision events can produce sectors that contribute to the germinal 
events. By using a construct with a fusion of the anther-specific Arabidopsis thaliana apg 
Table 1. Transposition of the maize Ac transposable element in heterologous plants 
Plant spec^ Class Transformation Reference 
Rice Monocot Transient Laufs et al. 1990 
Rice Monocot Transgenic Izawaera/. 1991 
Wheat Monocot Transient Laufs et al. 1990 
Barley Monocot Transient McEkoyetaL 1997 
Tobacco Dicot Transgenic Baker era/. 1986 
Tomato Dicot Transgenic YodctetaL 1988 
Potato Dicot Transgenic Knapp et al. 1988 
Petunia Dicot Transgenic Haring et al. 1989 
Datura innoxia Dicot Transgenic Schmidt-Rogge et al. 
1994 
Carrot Dicot Transgenic van Sluys et al. 1987 
Arabidopsis Dicot Transgenic van Sluys et al. 1987 
Soybean Dicot Transgenic Zhou and Atherly 
1990 
Lettuce Dicot Transgenic YdSigetal. 1993 
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promoter and the maize Ac transposase gene, the gametophytic excision frequency in tobacco 
was determined to be up to 0.3% (Firek et al. 1996). The strength of the promoter could also 
affect the transposition frequency, as indicated by the observation that the stronger CaMV 
35S promoter can increase the germinal excision frequency (Scofield et al. 1992). 
On the other hand, the germinal Ac excision frequency is very low (about 0.2-0.5%) 
in Arabidopsis (Dean et al. 1992; Schmidt and Willmitzer 1989). If the native Ac promoter is 
replaced by CaMV 35S promoter, the excision frequency can be greatly increased 
(Grevelding et al. 1992; Swinburne et al. 1992; Honma et al. 1993). The enhancer domain of 
the CaMV 35S promoter fused to the Ac transpose gene also increases the transposase 
mRNA level (Balcells et al. 1994). In addition, the deletion of 537 bp within the Ac 5' 
untranslated leader region significantly increases the excision frequency of the element 
(Lawson et al. 1994). Ac can transpose at low frequency in Petunia, but the secondary 
transposition frequency has been shown to be high (Haring et al. 1989; Robbins et al. 1994). 
Ac/Ds system is well developed for tagging genes in heterologous plants. The first 
gene for flower color in Petunia was isolated using an autonomous Ac one element system in 
Petunia (Chuck et al. 1993). By using the two-element transposon (Ac/Ds) tagging system in 
Arabidopsis (Bancroft et aL 1992), other genes were tagged, including the albS {albino) gene 
(Long et ai 1993), and the drll gene (Bancroft et al. 1993). In tomato, \h& feebly gene and 
Cf-4 gene were tagged using \!b& Ac/Ds system. The feebly gene affects the development and 
production of anthocyanin (van der Biezen et al. 1996), and Cf-4 gene is involved in 
resistance to Cladosporium fUlvum race 5 in tomato (Takken et al. 1998). Just recently, the 
immutans (im) gene in Arabidopsis was cloned by Ac/Ds tagging and chromosome walking 
at the same time (Carol et al. 1999; Wu et al. 1999). The immutans gene encodes a protein 
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with homology to alternative oxidase, and mutations in immutans produce a recessive green-
and white sectored leaf phenotype. 
In Arabidopsis, there are currently about 500 independent Ac insertion lines and 900 
independent Ds insertion lines which can be used for gene tagging (Bhatt et aL 1996; Long et 
aL 1997; IDubois etal. 1998). Because Ac/Dj elements in Arabidopsis also tend to transpose 
to sites close to their original position (Bancroft and Dean 1993; KeUer et aL 1993), the large 
number of independent lines with Ac/Ds insertions at different positions throughout the 
Arabidopsis genome will greatly facilitate gene tagging and isolation in Arabidopsis. 
Improved techniques for gene isolation in Arabidopsis use Ac/Ds elements in so-called 
enhancer orap and gene trap constructs. Both constructs utilize an immobilized Ac element as 
the source of Ac transposase. The enhancer trap construct carries a modified Ds element 
containing the GUS (glucuronidase) reporter gene (Jefferson et al. 1987) with a weak or 
minimal promoter. Once the enhancer trap element inserts within or close to a gene, the GUS 
reporter gene can be expressed under the control of the enhancer of this gene. The gene trap 
element contains a splice acceptor sequence in front of the GUS gene. Because the gene trap 
element does not contain a promoter, the GUS gene will not be expressed unless the element 
inserts into the transcribed region of a chromosomal gene and accepts splicing from an 
upstream exon. There are several advantages of the enhancer trap and gene trap approaches. 
First, they can detect functionally redundant genes because the simple insertion of the 
construct will not give any phenotype. Second, if the mutation is caused by insertion of the 
enhancer trap or gene trap, the GUS gene expression pattern will reflect the expression 
pattern of the tagged gene. Third, enhancer trap and gene trap can identify genes that cause 
embryo lethality in heterozygotes (Sundaresan etal. 1995). LRPl, a gene expressed in lateral 
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and adventitious root primordia of Arabidopsis, was cloned by using an enhancer trap 
element (Smith and Fedoroff, 1995). The gene trap strategy was successfully utilized to 
identify the Arabidopsis PROUFERA gene, which is required for cell division throughout 
development (Springer et al. 1995). Additionally, the Arabidopsis FRUITFULL MADS-box 
gene was shown to mediate cell differentiation during fruit development using a fruitfull (ful-
1) mutant caused by an enhancer trap insertion. The GUS reporter expression pattern in this 
enhancer trap line faithfully mimics RNA in situ hybridization results, illustrating the 
advantage of the enhancer trap approach (Gu et aL 1998). 
Transposable elements in Arabidopsis 
Arabidopsis as a model organism for higher plant research 
The small mustard Arabidopsis thaliana started to attract the interest of plant 
researchers in the early 1960s (Redei, 1975). Arabidopsis is a typical higher plant, but its 
features of small size, short life cycle, ease of growth in a laboratory environment and 
prolific seed production have made it a popular model for many plant biologists. In 1983, the 
first genetic map of Arabidopsis was reported, demonstrating the power of large-scale 
mutagenesis and the ease of performing classical genetic manipulation (Koomneef et al. 
1983). With the development of molecular biology, the small genome size and simple 
structure of the nuclear genome were determined (Leutwiler et al. 1984; Pruitt and 
Meyerowitz 1986; Meyerowitz 1987). At the same time, the methodology for transformation 
of Arabidopsis (tissue culture and seed transformation methods) was described (An et al. 
1986; Feldmaim and Marks 1987). Some flower mutants from Maarten Koomneef and other 
mutants from Albert Kranz and George Redei were available in the 1980*s. The large number 
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of mutants caused by T-DNA insertion generated by Ken Feldmann and colleagues enabled 
researchers to relate genes to mutant phenotypes (Feldmann and Marks 1987; Feldmann et al. 
1994). The simple whole plant infiltration transformation method enables the rapid 
generation of large numbers of Arabidopsis transformants for screening purposes (Bechtold 
et aL 1993). As I described above, transposon tagging and other transposon systems for gene 
isolation have been successfully established in Arabidopsis (Feldmann et al. 1994). 
Positional cloning is feasible in Arabidopsis because of its small genome with relatively few 
repetitive sequences (Arondel et al. 1992; Wu et al. 1999). The development of molecular 
marker maps, recombinant inbred lines and YAC and BAG libraries are making it 
increasingly user-ftiendly. The international cooperative project to sequence the entire 
Arabidopsis genome is expected to be complete by 2(X)0. All of these developments will 
provide further opportunities for scientists to study plant development, evolution, 
metabolism, genetics, environmental adaptation, pathogen interaction and other topics using 
Arabidopsis as a model (Somerville and Meyerowitz, 1994). 
Transposable elements in Arabidopsis 
In Arabidopsis, only one active endogenous DNA transposable element (Tagl) has 
been identified thus far. Tagl was identified in a chlorate-resistant mutant ad an insertion in 
the nitrate transporter gene CHLl in Arabidopsis ecotype Landsberg (Tsay, 1993). The Tagl 
element is 3.3 kb in length and has 22 bp terminal inverted repeats at both ends. It creates an 
8 bp target site duplication upon insertion. Recently, its 2.3-kb major transcr^t was 
characterized. It encodes a putative 84.2 kD transposase with two nuclear localization signal 
sequences and a region conserved among transposases of the Ac family (Liu and Crawford 
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1998a). TagI can excise in the embryo and all other organs inArabidopsis. The time of 
excision is restricted to the late stage of vegetative and reproductive development in the 
shoot. The germinal excision frequency can be as high as 25-30% and is affected by copy 
number, genetic dosage and chromosomal location (Liu and Crawford 1998b). Although 
there are no Tagl elements in the Columbia or WS ecotypes of Arabidopsis, Tagl is widely 
distributed among other Arabidopsis ecotypes. The copy number is one or two in almost all 
-containing ecotypes (Erank et al. 1998). However, it is unknown whether they are all 
active in these ecotypes. Another reported transposable element in Arabidopsis is the 
Emigrant family, which shares all features of Mi l ts, miniature inverted-repeat transposable 
elements identified in maize and other cereal grass, barley, sorghum and rice (Casacuberta et 
al. 1998; Wessler et aL 1995) 
In addition to DNA transposons, a number of retrotransposons has been identified in 
Arabidopsis. The Arabidopsis retrotransposons are in low copy number (Voytas and Ausubel 
1988; Voytas et al. 1990; Wright et aL 1996), which is quite unlike the high copy number 
observed in other plants, like maize (Bennetzen 1996; Voytas 1996). Tatl and Athila are the 
only known elements with moderate copy number. In some ecotypes, there can be 10 and 30 
copies respectively (Peleman et al. 1991; Pelissier et al. 1995). All retrotransposon families 
studied thus far in Arabidopsis are inactive. It seems that retrotransposon activity has been 
suppressed inArabidopsis (Voytas 1996). Despite the inactivity of the rosid&nl Arabidopsis 
retrotransposon, the tobacco retrotransposon Tntl can undergo JlNA-mediated transposition 
and create a 5 bp target site duplication after being introduced into Arabidopsis (Lucas et al. 
1995). 
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MaizeFlocos 
The maize P locus is located on the short aim of chromosome 1 and is involved in the 
synthesis of a red flavonoid pigment in the pericarp, cob and other floral tissues (Coe and 
Neuffer 1977). Alleles of the P locus are generally identified by a two-letter suffix indicating 
their expression patterns in the pericarp and cob; as shown in Figure 3, P-rr specifies red 
pericarp and red cob, P-y/w gives white pericarp and white cob, and P-wr specifies white 
pericarp and red cob. The P gene controls the transcription of three genes, C2, Chil and Al, 
involved in biosynthesis of 3-deoxy flavonoids and phlobaphenes (Figure 4; Styles and 
Ceska, 1977,1989; Grotewold et oL 1991b). The P gene encodes a Myb-homologous protein 
P-rr P-mv P-wr P-w P-ovov 
Figure 3. Different alleles of P gene 
R+Cl 
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Chalcone 
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Flavanone 
Hydroxylase 
Dihydroflavanol 
A1 
FIavan-4-ol 
i 
FIavan-3,4-diol 
Bzl^ 
Bz2^ 
Anthocyanins 
Polymerization 
Phlobaphenes 
Figure 4. Biosynthetic pathway for anthocyaiiin and phlobaphene pigments in maize. 
The C2, Chi and A1 genes encode enzymes for chalcone synthase, chalcone isomerase and 
dihydroflavonol reductase respectively. The A2 {AntkocyaninlessI), Bzl {Bronzel) and Bz2 
{Bronze2) genes are required for biosynthesis of anythocyanins but not for phlobaphene. P is 
the regulator of the phlobaphene pathway, whereas R and CI are regulators of the 
anthocyanin pathway. (This figure is from Chopra et al. 1996 and reprinted by permission of 
the author). 
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that binds to the promoter of the A1 gene (dihydroflavonol reductase) and activates 
transcription (Grotewold et oL 1994). 
The maize P locus was cloned by Ac tagging (Lechelt et al. 1989). The P locus in P-
rr alleles shows a complex structure (Figure 5). The coding region is about 7-kb and is 
flanked by two 5.2-kb direct repeats at both ends (Figure 5). It contains three exons and two 
introns. There are two P transcripts that are produced by alternatively splicing at their 3'ends. 
The first transcript is 1802 nucleotides and encodes a 43.7-kDa protein with homology to 
Myb proteins. The second transcr^t is 945 nt and encodes a 17.3-kDa protein with a 
truncated Myb DNA binding domain. Transient assays in maize cells show that 1802 nt 
Homologous recombinatioa 
induced by Ac insertion 
Rgure 5. The structure of the maize P locus showing the two transcripts generated by 
alternative splicing and the Ac-induced homologous recombination 
El; exon 1; E2: exon 2; E3: exon 3; E4: exon 4; II; intron 1; 12: intron 2; 13: intron 3 
5.2 kb direct repeats; : Ac insertion 
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transcript is capable of activating the Al gene, whereas the fiinction of the 945 nt transcript is 
still unknown (Grotewold et al. 1991b, Grotewold et al. 1994). The P-rr gene introns 2 and 3 
are 4.6 and 6.7-kb respectively, which are the largest introns yet described in plants (Athma 
etal. 1992). 
The insertion of the maize transposon Ac at the P locus affects P gene expression and 
causes different phenotypes. The phenotype of the P-w allele, variegated pericarp and 
variegated cob (Figure 3) (Emerson 1917), is due to Ac insertion in the second intron of the P 
gene (Barclay and Brink 1954; Lechelt et al. 1989). Excision of the Ac element from the P 
locus causes the red stripes on colorless background of the P-w kernels. Another P allele 
gives rise to orange variegated pericarp and cob and is termed as P-ovov (Figure 3) (Athma et 
al. 1992). In the P-ovov allele, Ac is inserted at almost the same position as in P-w, but in the 
opposite orientation. The orientation of Ac insertion possibly causes the different P gene 
expression pattern in P-w and P-ovov alleles. In the P-w alleles, the Ac transcription 
direction is the same as that of P gene; hence P gene transcription terminates within the Ac 
element. In contrast, in the P-ovov allele, Ac is transcribed in the opposite direction as the P 
gene, the P gene can be transcribed through the Ac insertion, and the Ac sequence can be 
spliced from the message. Ac insertions in the exons of the P gene gives rise to colorless 
kernels with few red sectors (Athma et at. 1992), probably because the P gene function can 
be restored only by rare precise excisions. A null allele called P-ww-lll2 is generated 
through Ac-induced homologous recombination between the two 5.2 kb direct repeats that 
flank the P gene. The Ac-induced recombination deletes the entire P gene coding region and 
the Ac element, and results in colorless pericarp and cob (Figure 5; Athma and Peterson, 
1991). 
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Recombination in plants 
Recombination plays crucial roles in maintaining stability and generating diversity in 
genomes in living organisms. Basically, there are three types of recombination: 1) 
Homologous recombination; 2) Illegitimate recombination; 3) Site-specific recombination. 
Homologous recombination is the exchange of covalent linkages between DNA molecules in 
regions with highly similar or identical sequences. In contrast, illegitimate recombination 
between the participating DNA molecules does not need any sequence similarity. For 
example, transforming DNA constructs can randomly integrate into the maize genome 
following transformation by particle bombardment. Site-specific recombination occurs at 
specific regions, and the sequence similarity requirement is very limited. For example, ±e 
integration of bacteriophage A, DNA into the E.coli host chromosome uses this pathway. 
Homologous recombination in plants 
Meiotic recombination ensures homologous chromosome pairing and disjunction 
during meiosis. It also generates chromosomes with new allelic patterns different from their 
progenitor chromosomes, and hence is critical for generating genetic diversity. In plants, the 
concept of uneven distribution of meiotic recombination across the chromosomes has been 
established (Dooner 1986; Tanksley et al. 1992; Moore et aL 1993; Civardi et al. 1994; 
Schmidt et aL 1995). For example, the ratio of physical to genetic distance on Arabidopsis 
thaliana chromosome 4 is about 185 kb/cM. However, the ratio varies from 550 kb/cM in the 
recombination cold spots, to 30-50 kb/cM in recombination hot spots (Schmidt et aL 1995). 
Many studies of recombination in plants have demonstrated that genes are recombination hot 
spots (Nelson 1968; Freeling 1978; Dooner et aL 1985; Wessler and Varagona 1985; Dooner 
1986; Brown and Sundaresan 1991; Xu et aL 1995; Okagaki and Weil 1997; Dooner and 
Martinez-Ferez 1997). The average recombination frequency of the entire maize genome is 
about 1470 kb/cM to 4700 kh/cM (Dooner et aL 1985; Civardi et oL 1994), but the intragenic 
recombination frequencies can be up to lOO-fokl higher. For example, at the maize bronzel 
(bzl) locus, the meiotic recombination frequency is about 14 kb/cM, which is the highest 
recombination rate of any plant gene analyzed to date (Dooner 1986; Dooner and Martinez-
Ferez 1997). At maize anthocyaninlessl (al) locus, the intragenic recombination rate is 
about 217 kb/cM, while the recombination frequency in the adjacent 140 kb interval between 
al and shrunken! (sh2) is about 1560 kb/cM. Therefore, genes are preferred sites for meiotic 
recombination (Civardi et aL 1994). However, meiotic crossover has also been detected in a 
low copy region with no detectable transcript (Timmermans et al. 1996). Fine restriction 
mapping of crossover sites have revealed that meiotic recombination is not evenly distributed 
within a gene. Recombination hot spots were detected near the 5' regions of the al and bl 
genes in maize (Xu et aL 1995; Patterson et aL 1995), while recombination events 
preferentially occur at the 3' end of the maize rl gene (Eggleston et aL 1995). Although the 
mechanism of meiotic recombination in plants is still unclear, it seems to occur between 
highly similar sequences within unmethylated, nonrepetitive regions of the genome and it 
may be controlled by both cis- and trans-zcxmg factors that affect specific chromosomal 
regions (Timmermans etaL 1996, 1997). 
Intrachromosomal homologous recombination has been studied as a model system to 
address the mechanism of homologous recombination in plants. Usually, constructs with 
overlapping, nonfrinctional parts of marker genes in close proximity are transformed into 
plant genomes as recombination substrates. The products of homologous recombination are 
26 
selected as restored marker gene function (Gal et al. 1991; Peterhans et al. 1990; Assaad and 
Signer 1992; Tovar and Lichtenstein 1992; Swoboda et aL 1994). Normally, the 
intrachromosomal homologous recombination frequency is low and has been estimated at 
10"^ to 10'^  events/genome (Swoboda etal. 1994; Chiurazzi et aL 1996). However, the 
frequency of intrachromosomal homologous recombination can be enhanced by several 
factors: 1) Physical and chemical agents, such as low doses of X-ray, ganuna-ray and UV 
(Tovar and Lichtenstein 1992; Label et al. 1993; Puchta et al. 1995), 
Methylmethanesulfonate (MMS), and mitomycin C (Puchta et aL 1995). 2) Double-Strand 
Breaks (DSBs) induced by site-specific endonucleases, such as I-Scel (Puchta et aL 1993), 
and HO endonuclease target site. Expression of HO endonuclease can enhance the 
intrachromosomal homologous recombination 10-fold (Chiurazzi et aL 1996). 3) 
Transposable elements, such as Ac, can induce homologous recombination between two 5.2 
kb direct repeats at the maize P locus; without Ac insertion, the maize P locus is very stable 
(Athma and Peterson 1991). Similarly, a tandem duplication in the maize bz locus is 
destabilized by Ac insertion (Dooner and Martinez-Ferez 1997). In transgenic tobacco, the Ac 
transposon can induce a low level of ectopic homologous recombination (Shalev and Levy 
1997). Also, the Mutator transposon promotes recombination between directly repeated 
sequences in the maize Knotted locus (Lowe et al. 1992; Mathem and Hake 1997). Taken 
together, the common feature of these factors is that they can generate DNA double strand 
breaks. Therefore, it is reasonable to deduce that homologous recombination in plants may be 
initiated by DNA double stranded breaks (DSBs) as in yeast (see review by Shinohara and 
Ogawa 1995). The studies of genomic DSB repair in transgenic tobacco indicate that there 
are two related pathways involved in plants for repair of genomic DSBs by homologous 
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recombination (Puchta et aL 1996; Puchta 1998a). In one pathway, the homologies on both 
sides of the DSB are used, similar to the double strand break repair (DSBR) model proposed 
by Szostak et aL (1983). In the one-sided invasion (OSI) model, homologous recombination 
is restricted to one side of the DSB; this pathway has been shown to be used in 
recombination in somatic plant cells (Puchta 1998a). 
Illegitimate recombination in plants 
Illegitimate recombination is thought to be the major pathway for DSB repair in 
higher eukaryotes (Puchta 1998). The mechanism of illegitimate recombination in plants is 
derived from studies of integration of transgenes into plant genomes. For example, the 
integration of T-DNA into plant genomes can cause deletions or duplications of the plant 
DNA at the insertion site, and truncation of the T-DNA border sequences. Occasionally, filler 
DNA has been found at the new junctions (Gheysen et aL 1991; Mayerhofer et aL 1991; 
Ohba et aL 1995; Bundock and Hooykaas 1995; review by Tinland 1996). Recently, a major 
chromosomal rearrangement induced by T-DNA transformation in Arabidopsis was 
characterized, in which the reciprocal translocation between chromosomes was caused by T-
DNA insertion (Nacry et aL 1998). The direct gene transfer method (calcium phosphate 
method) was used to generate transgenic rice. Around the transgene integration site, a short 
duplication of rice genomic sequence and a short region of homology between the 
transforming plasmid and target site DNA were found. Also, chromosomal rearrangements 
including deletions and translocations were observed at the integration site and the flanking 
region (Takano et aL 1997). By transformation of linearized plasmid with different terminal 
configurations into tobacco, non-homologous DNA end joining (illegitimate recombination) 
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in plant cells was found to be associated with deletions and filler DNA insertion. The filler 
DNA sequences were derived firom internal sequences of the incoming plasmid or from the 
tobacco genome (Gorbunova and Levy 1997). More recently, DSBs in transformed T-DNA 
were generated in tobacco somatic cells by endonuclease l-Scel. Analysis of the repair 
process found that, in addition to deletions, there are many cases associated with the insertion 
of unique and repetitive genomic sequences into the rejoint site (Salomon and Puchta 1998). 
In maize, spontaneous deletions at the waxy locus and bz-R locus were both associated with 
filler DNA at the novel junction (Wessler et al. 1990; Ralston et al. 1988) 
In plants, illegitimate recombination is also used in repair of transposon excision 
sites. The small sequence rearrangements created by transposon excision are called 
"footprints"; these footprints commonly comprise deletions, additions, substitutions or 
inversions. Two models have been proposed to explain footprint formation, and both models 
involve cellular DNA repair functions (Peacock et al. 1984; Saedler and Nevers 1985; Coen 
et al. 1989). Analysis of Ac excision footprints in the maize waxy locus and in transgenic 
Arabidopsis indicates that the transposon-adjacent sequences can influence DNA repair at the 
excision site (Scott et al. 1996; Rinehart et aL 1997). 
Overall, illegitimate recombination in plants is a complicated process and needs 
further investigation. It is usually associated with deletions, duplications, insertions of fiUer 
DNA, and the presence of short repeats around the recombination site. An error-prone DNA 
replication mechanism was recently proposed for plant illegitimate recombination 
(Gorbunova and Levy 1997; Rubin and Levy 1997). 
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Site-spedfic recombination in plants 
There is no known endogenous site-specific recombination system in plants. 
However, two heterologous systems have been used to induce site-specific recombination in 
plants. One is the Ctdlox system from bacterophage PI and the other is the FLP/FRT system 
from yeast Saccharomyces cerevisiae. 
The Crdlox system is derived from the bacteriophage PI. Cre is a 38.5 kDa 
recombinase produced by the cre gene; it can catalyze recombination at 34 bp lox sites. The 
standard lox site contains two 13 bp perfect inverted repeats separated by an 8 bp spacer 
sequence, which determines the direction of the lox site (for review, see Yarmolinsky and 
Sternberg 1988). 
The Crdlox system was first shown to function in tobacco cells using a transient 
assay. Cvdlox specific deletion and inversion events were detected and shown to be 
dependent upon the orientation of the two lox sites (Dale and Ow 1990). Later, Cxdlox site 
specific recombination occurred in stable transformants of tobacco with lox sites and a 
chimeric Cre gene (Odell et al. 1990). In this experiment, stable transformants with 
recombination substrates were re-transformed with a cre expression construct, or crossed to 
cre expressing plants. The recombination substrate contained a blocking fragment with lox 
sites at both ends, inserted between the nopaline synthase (nos) promoter and a kanamycin 
resistance gene {npt). The npt gene could not be expressed until the blocking fragment was 
removed via Cvdlox recombination. In transgenic tobacco and Arabidopsis, selective markers 
between two lox sites in direct orientation were successfully removed by re-transformation 
with the cre gene or by crossing with cre-expvessing plants (Dale and Ow 1991; Russell et al. 
1992). Another example of transgene manipulation is the combination of gene inactivation 
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and activation in one Cve/lox recombination event (Bayley et aL 1992). The transgene 
construct consisted of a luciferase gene (/uc) with two flanking lox sites that was placed 
between a CaMV 35S promoter and a hygromycin resistance gene Qipg). The primary 
transformant expresses luc gene via the CaMV 35S promoter, but it is hygromycin sensitive. 
After introducing Cre recombinase, the luc gene was deleted by recombination between the 
two lox sites, and the hpt gene was joined to the 35S promoter. In a similar strategy, lox-hpt 
and 35S-lox-cre in different tobacco chromosomes can result in chromosome translocation 
and inactivation of cre gene expression at the same time (Qin et al. 1994; 1995). By 
combining the transposon (Ac/Ds) and Ocdlox systems, a more powerful recombination 
system was developed in Arabidopsis and tobacco. Basically, two lox sites are transformed 
into the plant genome. One lox site is contained within a modified Ds element, which can be 
mobilized by Ac transposase. The hx site located at the integration site and can not move. 
Later, Cre recombinase mediates site-specific recombination between the two lox sites to 
generate deletions and inversions depending on the orientation of two lox sites (Medberry et 
al. 1995; Osborne et al. 1995; Stuurman et al. 1996). The Cte/lox system has also been used 
to direct transgene integration in plants (Albert et al. 1995; Vergunst et al. 1998a,b). The 
outlines of the experiments are as follows: A target site containing a single lox site is placed 
in the plant genome. Subsequently, an incoming circular construct that contains a second lox 
site can be induced to recombine with the first lox site by the action of the Cre recombinase. 
Re-excision of the integration construct can be prevented by the use of mutant lox sites 
together with integrative displacement of the cre gene promoter; alternatively, the cre gene 
can be expressed transiently. Successful site-specific integration events were reported in 
these studies (Albert et aL 1995; Vergunst et aL 1998a,b). Recently, the achievement of T-
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DNA with two lox sites circularizing itself in the plant genome because of expression of ere 
displays a convenient way to apply Cre recombinase to site-specific integration in plants 
(Vergunst et aL 1998). 
FLP/FRT is a site-specific recombination system from the 2 jim plasmid of 
Saccharomyces cerevisiae. Its recombination function is involved in copy number 
amplification in double rolling circle replication. The FLP recombinase is a 48 kDa protein 
encoded by the FLP gene of the 2 pim plasmid. It can catalyze the recombination reaction 
between two FRT sites. The FRT site is 34 bp and consists of two 13 bp inverted repeats with 
one mismatch separated by an 8 bp asymmetric spacer sequence (for reviews see Futcher 
1988; Cox 1988). 
In plants, the FLP/FRT system has been used to induce both intra- and inter-
molecular recombination in maize and rice protoplasts by excising a blocking fragment 
between two FRT sites, similar to the strategies described above for the Cxdlox system 
(Lyznik et al. 1993,1996). Sinularly, in stable transgenic tobacco, the FLP/FRT system was 
used to successfully remove a blocking fragment and restored a marker gene (Lloyd and 
Davis 1994). In Arabidopsis, the antisense-oriented GUS gene flanked by two FRT sites in 
inverted orientation was placed downstream of the 35S promoter as the FLP recombination 
substrate. The HJ'-dependent site-specific recombination caused the inversion of the 
antisense-oriented GUS reporter and allowed GUS expression (Sonti et al. 1995). 
Additionally, the soybean heat-shock promoter has been used to drive FLP in maize cells and 
Arabidopsis, which provided an easy way to control ±e FLP mediated site-specific 
recombination in plants (Lyznik et al. 1995; Kilby et al. 1995). 
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Transposons in plants are diverse; their transposition involves functions encoded by 
the transposons and also probably the host plant Recently, genetic transformation has 
enabled the introduction of different transposons from prokaryotic, fungal and other plant 
sources into a variety of plant targets. A major goal of these studies is the development of an 
efficient gene targeting system while some progress towards this goal has been achieved, 
more research is needed to understand recombination in plants. 
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CHAPTER 2. Ac INSERTION SITE AFFECTS THE 
FREQUENCY OF TRANSPOSON-INDUCED HOMOLOGOUS 
RECOMBINATION AT THE MAIZE F LOCUS 
A paper to be submitted to Genetics 
Yongli Xiao', Xianggan Li"*, Thomas Peterson** 
Abstract 
The maize P gene regulates the production of a red pigment in the pericarp, cob and 
other maize floral tissues. We reported previously that transposable element (Ac) insertions 
can induce homologous recombination between two 5.2 kb direct repeat sequences that flank 
the P gene coding region. Here we further study the effects of the Ac insertion site on the 
induction of recombination at the P locus. A collection of unique P gene alleles was used 
which carry Ac insertions at different sites in and near the P locus: outside of the direct 
repeats, within the direct repeat sequences, and between the direct repeats, in both 
orientations. Recombination frequency was estimated by the frequency of colorless sectors 
arising via homologous recombination at the P locus. The frequency of colorless sectors is 
significantly higher when the Ac insertion is between the direct repeats than when the Ac 
* Interdepartmental Genetics Program, Department of Zoology and Genetics, Iowa State 
University. 
''Biotechnology and Genomic Center, Novartis Crop Protection, Inc. 
"^Department of Agronomy, Iowa State University. 
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insertions are within the repeat sequences or outskle the repeats. The size of the colorless 
sectors of the two groups is also different. Rrom an allele with Ac inserted outside the direct 
repeat, 5 null alleles were obtained, but none were due to recombination at the P locus. From 
an allele with Ac inserted within the repeat sequences, 7 null alleles were obtained, but only 
one was due to homologous recombination between the flanking direct repeat sequences. In 
contrast, from 4 alleles with Ac inserted between the two direct repeats, we recovered a total 
of 84 null alleles, and 60 (72%) of these were due to the recombination frequency. In 
contrast, Ac orientation may not have a significant effect on homologous recombination at P 
locus. These results show that the position, but not the orientation, of Ac can significantly 
affect the frequency of homologous recombination at the maize P locus. 
Introduction 
It has been widely reported that transposable elements can induce genome 
rearrangements, such as deletions, duplications and inversions in eukaryotes and prokaryotes 
(reviewed in Saedler and Gierl, 1996). In £1 coli, Tn7 transposition can create a hotspot for 
homologous recombination at the transposon donor site (Hagemann and Craig 1993). IS70 
intermolecular transposition greatly stimulates and is coupled to homologous recombination 
between the donor and acceptor molecules at the transposition site (Eichenbaum and Livneh 
1995). In Saccharomyces cerevisiae, homologous recombination between Ty elements 
produces deletions, inversions and translocations (reviewed in Boeke 1989). In Drosophila, 
the P element can significantly increase the recombination frequencies in male germline 
(Hiraizumi 1971; Kidwell and Kidwell 1976) and somatic cells (Sved etal. 1990). P element 
transposition can also promote efficient gene conversion, which enables site-specific gene 
replacement and causes different chromosome rearrangements (Engels et al. 1990; Gloor et 
oL 1991; Svoboda et al. 1995; Lankenau et aL 1996; E>reston and Engels 1996; Preston et al. 
1996). In plants, one example of transposon-induced rearrangement has been associated with 
insertion of a transposable element (Ac) at the maize P locus (Athma and Peterson, 1991). 
The maize P locus is located on the short arm of chromosome 1 and is involved in the 
synthesis of a red flavonoid pigment in the pericarp, cob and other floral tissues (Styles and 
Ceska 1977,1989). The P gene encodes a Myb-homologous transcriptional regulator of 
flavonoid pigmentation in floral organs (Grotewold et al. 1994). The maize P locus was 
cloned by Ac tagging (Lechelt et aL 1989). The P locus has a unique structure, in which its 
coding region is flanked by two 5.2-kb direct repeats. These repeats serve as a good substrate 
to study intrachromosomal recombination in plants, because recombination can be easily 
scored as a loss of P gene function as evidenced by colorless sectors on maize ears (Athma 
and Peterson, 1991). In a previous study, it was shown that the maize transposable element 
Ac could induce homologous recombination between the direct repeats at the maize P locus 
and thereby cause large (ITkb) deletions including the P gene coding region (Athma and 
Peterson, 1991). 
Similarly, transposable element Mul can increase recombination rate about 100-2000 
fold at the Knl-0 tandem duplication locus in maize (Lowe et aL 1992). In the absence of a 
transposon insertion, the homologous recombination rates arc very low in both cases. Recent 
studies of the Knl-0 locus further indicate that double strand breaks (DSBs) induced by Mu 
element excision stimulate meiotic recombination and gene conversion frequencies (Mathem 
and Hake 1997). In transgenic tobacco, the Ac element was reported to be able to induce 
somatic recombination between homologous ectopic sequences (Shalev and Levy 1997). In 
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transgenic Arabidopsis, we found that an active transposon can enhance intramolecular 
homologous recombination more than 1000 foM over the spontaneous recombination 
frequency (Xiao and Peterson submitted to Nature Genetics). Taken together, these results 
show that active transposable elements can induce homologous recombination in different 
organisms. The leading explanation of this effect is that the transient DNA double-strand 
breaks (DSBs) generated by excision of the transposable elements initiate homologous 
recombination (Szostak et oL 1983). 
In contrast, some research showed that Ac or Ds insertions either reduce (McClintock 
1953) or have no effect (Fradkin and Brink 1956) on crossing over in the region flanking the 
element. At the maize bzl locus, the insertion of a Ds element reduced the intragenic 
recombination frequency about 4 fold (Dooner et oL 1986). Also, an Ac insertion in wx 
(Nelson 1976) and a Mul insertion in bz (Dooner and Ralston 1990) did not stimulate the 
intragenic meiotic recombination. In a study of meiotic recombination at the maize al locus, 
insertion of a Mul element reduced recombination rates in a nearby 377 bp interval by about 
50% (Xu et aL 1995). Recently, Dooner and Martinez-Ferez reported that Ac did not 
stimulate meiotic recombination or homology-dependent repair at the bz locus. However, 
they found that Ac insertion could destabilize a tandem duplication in the maize bz locus 
(Dooner and Martinez-Fere 1997). In addition, indirect evidence in plants suggest that a DSB 
is repaired by illegitimate recombination (Morton and Hoojdcaas 1995). Gene replacement 
experiments have also shown that illegitimate recombination occurs at a frequency of IC^ to 
10^ times higher than homologous recombination in plants (Miao and Lam 1995; Morton and 
Hooykaas 1995). Likewise, after transposon excision, the double-strand break at donor sites 
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usually is repaired by a non-homologous end-joining process (illegitimate recombination) 
and creates transposon footprints (Coen et al. 1989; Scott et al. 1996; Rinehart et oL 1997). 
In this paper, we further analyzed Ac induced homologous recombination at the maize 
P locus. We demonstrate that the Ac insertion site can strongly ai^ect recombination 
frequency. When Ac is inserted between the two 5.2 kb direct repeats, it promotes 
homologous recombination at significandy higher levels compared with Ac insertions outside 
the repeats, or within the repeat units. In contrast, the orientation of Ac insertion may not 
affect the recombination frequency. These results support the view that transposons can 
enhance the frequency of premeiotic homologous recombination in maize. 
Materials and Methods 
Terminology, maize stocics and analysis of mutants 
The maize P gene encodes a transcription factor that regulates phlobaphene 
pigmentation of the pericarp, cob and other floral organs (Styles and Ceska, 1972, 1989; 
Grotewold et al. 1994). The pericarp is the outer layer of the kernel; it is derived from the 
ovary wall, and hence is of maternal origin. P alleles are conventionally identified by a suffix 
that indicates their expression in pericarp and cob. P-rr specifies red pericarp and red cob, P-
wr specifies white (colorless) pericarp and red cob, P-ww specifies white (colorless) pericarp 
and cob. 
Six P alleles with Ac insertions at different sites in or near P locus were used (Figure 
1). They 2iitP-rr-l1:666; P -9D47B; P-ovov-Val; P-9D36A; P-ovov-1114; P-ovov-12:l-l. 
P-ovov-Val (Valentine, 1957), P-rr-11:666, P-ovov-1114 (Peterson, 1990) P-ovov-12:l-l 
were derived from P-w (Emerson, 1917). P-9D36A and P-9D47B were derived from P-ovov-
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1114. The position of Ac insertion is shown in Hgure 2. Genetic crosses and mutant 
screening were performed as described previously (Athma and Peterson 1991). 
Frequency of colorless sectors 
The colorless sector frequency was calculated as the percentage of kernels with 
sectors regardless of the size of the sector. The sector size reflects the developmental stage at 
which a loss of function mutation occurs. Mutations occurring at an early stage of ear 
development give large colorless sectors, whereas mutations occurring at later stages give 
small colorless sector. The numbers of the kernels per ear was estimated as the row number 
per ear times the mean number of kernels per row. The average colorless sector frequencies 
were obtained by counting the numbers of kernels with colorless sectors divided by the total 
kernel number on 32 randomly picked ears for each allele. 
DNA isolation, Soutiiem blot and PCR 
Genomic leaf DNA was isolated from seedling leaves of individual plants as 
previously described (Cocciolone and Cone 1993). Genomic DNA (2 jig) was digested with 
restriction enzymes, electrophoresed through 0.75% agarose gels, and transferred to nylon 
membranes (Micron Separations Inc.). Probe labeling and Southern hybridizations were 
performed according to manufacturer's instructions (Oligolabelling Kit from Pharmacia 
Biotech.) and standard protocols (Sambrook et oL 1989). Genomic DNA samples were 
amplified by PCR for 35 cycles as follows: denaturation at 94®C for 30 sec; annealing at 
59°C for 30 sec; elongation for 1 rain at 72®C. PCR products were cloned into pTTBlue T-
vector (Novagen) and sequenced at the ISU DNA Sequencing and Synthesis Facility. 
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Results 
Ac insertion site of dilETerent P alleles 
The approximate site of the Ac insertions in each allele was determined by genomic 
Southern hybridization. Maize genomic DNA from each allele was digested with SaH. or 
EcoBl and hybridized with P locus probe fragments 15 and 8B, respectively (Figure 2). 
Together, these probes detect a 26 kb contiguous region of the P locus area. The exact Ac 
insertion sites were then determined by PCR amplification, using primers in the Ac sequence 
and a second primer homologous to P gene sequences. PCR products were sequenced to 
determine the precise insertion sites and orientations (Table 1). The P-rr-11:666 allele has Ac 
inserted outside the 5' end direct repeat of P locus at position 6757 bp upstream of the P gene 
transcription start site. The P-9D47B allele has Ac inserted within the 5' end of the 5.2 kb of 
P-rr direct repeat at position 5024 bp upstream of the P gene transcription start site. The 
alleles P-avov-Val, P-9D36A, P-ovov-1114 and P-ovov-12:l-l contain Ac insertions at 4 sites 
between the two direct repeats of the P-rr gene. P-ovov-Val has Ac inserted at 49 bp 
upstream of the transcription start site. P-9D36A has Ac inserted in intron 1,473 bp 
downstream of transcription start site; P-ovov-1114 and P-ovov-12:l-l alleles both have Ac 
inserted in the intron 2, at positions 4331 and 441 Ibp, respectively, downstream of the 
transcription start site (Athma et al. 1992). All six of these alleles allow substantial P gene 
function and specify red to orange pericarp pigmentation (Figure 1), hence colorless sectors 
are easily detected and quantised. 
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Comparison of coloriess sector frequent  ^ of different p alleles 
Any somatic mutation that abolishes the expression of the P gene results in a 
colorless sector in the pericarp. Because Ac frequently transposes to linked sites (Greenblatt 
1984; Dowe et oL 1990; Peterson 1990; Grotewold et al. 1991; Athma et al. 1992; Weil et al. 
1992; Chen et aL 1992), some sectors may result from intragenic transpositions to other sites 
essential for P function. In a previous study, it was found that most colorless sectors arising 
from the P-ovov-1114 allele (49 out of 52 analyzed) were due to recombination between the 
long 5.2 kb direct repeats flanking the P-rr gene and the deletion of P gene coding sequence 
(Athma and Peterson 1991). Thus, the colorless sector frequency of each allele provides an 
estimate of homologous recombination frequency. The frequency of colorless sectors 
observed for each allele is presented in Table 1. 
In the absence of Ac at the P locus (JP-rr-4026) the colorless sector frequency is 
0.00031 (Athma and Peterson 1991). In contrast, the colorless sector frequencies observed 
here with Ac insertions in and around the P locus range from 0.0164 to 0.0482. These results 
fiuther support the conclusion that Ac can induce homologous recombination at the maize P 
locus. 
Significant differences in the colorless sector frequencies between alleles were 
analyzed by a T-test (Table 2). The T-test results indicate that the differences in colorless 
sector frequencies in P-ovov-Val, P-ovov-1114 and P-ovov-12:l-l alleles are not significant. 
The colorless sector frequency of allele P-9D36A (-1.7%) is the second lowest frequency 
among all alleles. It shows significant differences with P-rr-11:666, P-ovov-Val, P-ovov-
1114 and P-ovov-12:l-l alleles, but not the P-9D47B allele. The colorless sector frequency 
of allele P-rr-11:^6 is significantly different from all other alleles except P-ovov-Val. 
59 
Additionally, colorless sector frequency of P-9D47B falls in the same statistical group as the 
P-9D36A allele. Apparently, the relations of the six alleles are very complicated based on 
their frequencies of the colorless sector. However, if the alleles are grouped based on their 
insertion location, average colorless sector frequency is higher for Ac elements inserted 
between the two direct repeats (group I, ~3.5%) than for Ac elements inserted outside and 
within the repeats (group n, -2.0%). A T-test analysis shows that the frequencies of colorless 
sectors of the two groups are significantly different (P value = 2.48x10"^). Therefore, we 
concluded that Ac insertions between the two direct repeats induced a higher frequency of 
homologous recombination than insertions outside or within the repeats. 
In this analysis, we also considered the size of the colorless sector, because the area 
available for mutation is slightly altered by the fact that once an area has mutated it is no 
longer available for mutation (Anderson and Eyster, 1928). Therefore, we compared the sizes 
of colorless sectors of different alleles (Table 3). We found that the larger sectors (> 1 kernel) 
were observed only in P-9D36A, P-ovov-Val., P-ovov-1114, and P-ovov-12:l-l alleles. These 
alleles all have Ac insertions between the two direct repeats, and they all give higher 
frequencies of colorless sectors. Thus, the potential complication of sector size actually did 
not affect the conclusion that the group I alleles with Ac inserted between the two direct 
repeats produces more colorless sectors than group II alleles with Ac inserted outside or 
within the direct repeat. 
Comparison of homologous recombination firequeni^  of different alleles 
After we recovered the P-ww homozygous alleles from different original P alleles, we 
did Southern hybridizations (data not shown) to screen the mutants to distinguish those 
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generated by homologous recombination from those produced by other mechanisms. These 
results allowed us to compare the germinal homologous recombination frequencies of 
different alleles (Table 4). From P-rr-ll:666^ 5 P-ww/P-ww mutants were recovered, but 
none were derived from homologous recombination. From the P-9D47B allele, 7 P-ww/P-ww 
mutants were obtained, and only one resulted from recombination. In contrast, from the four 
alleles {P-ovov-Val, P-9D36A, P-ovov-1114, P-ovov-12:l-I) with Ac insertions between the 
two 5.2 kb direct repeats, 84 heritable P-ww mutants were obtained, 59 of which were 
deletions generated by recombination of the flanking repeats. The other 25 P-ww mutants 
were generated by other transposition-related rearrangements (data not shown). These results 
further supported the conclusion that the group I alleles give a significantly higher frequency 
of homologous recombination than the group n alleles. 
Ac orientation effect 
As shown in Table 1, the orientation of Ac insertions in P-9D47B and P-ovov-Val are 
the same as that of the P-w reference allele, in which the direction of transcription of the Ac 
element is the same as that of the P gene. The four other alleles studied here all have Ac 
insertions in the P-ovov orientation, in which the transcription direction of the Ac element is 
opposite to that of the P gene. From the colorless sector frequency results in Table 1 and the 
T-test results in Table 2, there are no significant differences in recombination frequency 
between P-ovov-Val and P-ovov-1114, nor between P-ovov-Val and P-ovov-12:l-l. 
However, there are significant differences between P-ovov-Val and P-9D36A, and between 
P-rr-11:666 and P-9D47B. Similarly, if we group alleles based on their Ac orientations, 
average colorless sector frequency is about 2.9% of the alleles with Ac insertion in W 
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orientation (group W), and average colorless sector frequency of the alleles with Ac 
insertion in OVOV orientation (group OVOV) is about 3.0%. There is no significant 
difference in the colorless sector frequencies between group W and group OVOV (P value = 
0.877). Additionally, the comparison of germinal homologous recombination frequencies 
given in Table 4 indicates that Ac insertion orientation had no significant effect. Therefore, 
the primary cause of the differences in recombination frequency is the position of Ac, 
whereas orientation of Ac has little or no effect. 
Discussion 
Mechanism of transposon-induced homologous recoinbination 
In yeast, a DNA double-strand break (DSB) can initiate and stimulate meiotic 
recombination (Szostak etal. 1983; Sun etal. 1991; Stahl 1996). Many studies in yeast 
indicate that double-strand breaks provide efRcient substrates for mitotic recombination 
(Haynes and Kunz 1981; Orr-Weaver etal. 1981; Strathem etal. 1982; Kostriken etal. 1983; 
Orr-Weaver and Strathem 1983; Kostriken and Heffi-on 1984; Fekret et aL 1996). In 
Drosophila, the P element can undergo precise excision in a homology-dependent process 
requiring P transposase (Engels et aL 1990). In C. elegans, the frequency of precise reversion 
(without a footprint) after Tel element excision is much higher when heterozygous with a 
wild-type homologous chromosome (Plasterk 1991). Both of these cases suggest that the 
double-strand DNA breaks generated by transposon excision can be repaired using the 
homologous locus as template. In plants, the frequency of intrachromosomal homologous 
recombination can be enhanced by physical and chemical agents. Somatic crossover between 
homologous chromosomes was induced by DNA-damaging agents such as gamma-radiation 
62 
(Carlson 1974). Low doses of X-ray, gamma-ray and UV can increase intrachromosomal 
homologous recombination frequency in plants with artificial substrates (Tovar and 
Lichtenstein 1992; Lebel et oL 1993; Puchta et oL 1995). Also, treatment with chemical 
agents that induce DSBs, such as methylmethanesulfonate (MMS) and mitomycin C, can 
enhance recombination rates (Puchta et al. 1995). Moreover, homologous recombination in 
plants is enhanced by in vivo induction of DNA double-strand breaks by a site-specific 
endonuclease (Puchta et al. 1993). In Arabidopsis, a DSB generated by HO endonuclease can 
enhance the frequency of somatic intrachromosomal homologous recombination about 10 
fold (Chiurazzi et al. 1996). 
The mechanism of Ac/Ds transposition is unknown, but it has been proposed to occur 
via a "cut and paste" mechanism (Greenblatt and Brink 1962; Chen et oL 1992). Thus, 
transposition of Ac/Ds element will potentially cause a transient DNA double-strand break 
upon excision. Because the common characteristic of the aforementioned factors that can 
promote homologous recombination is the DNA double-strand break, it is reasonable to 
postulate that double-strand breaks in DNA generated by transposon excision may play an 
important role in transposon-induced homologous recombination. 
In plants, genomic DSBs can be repaired via two related pathways involving 
homologous recombination (Puchta et aL 1996; Puchta 1998a). One pathway, termed single 
strand annealing (SSA) (Lin et al. 1984), utilizes homologous sequences on both sides of the 
DSB in a reaction similar to that proposed for the double strand break repair (DSBR) model 
(Szostak et al. 1983). This pathway is thought to be the major pathway causing deletion of 
the internal sequence between direct repeats in yeast (Osman et al. 1996). The second 
pathway, termed the one-sided invasion (OSI) model, is postulated to involve homologous 
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recombination restricted to one side of the DSB (Belmaaza and Chartrand 1994). The one­
sided invasion (OSI) model appears to be the major pathway in plant somatic recombination 
(Puchta 1998a). The transposon-induced homologous recombination at the maize P gene may 
involve either SSA or OSI models, although our data cannot distinguish between them at this 
time (Figure 2). 
In addition to the importance of a DSB, transposon-induced recombination may 
involve the recruitment of host-factors by transposase. Our data from transgenic Arabidopsis 
shows that transposons can greatly increased intrachromosomal homologous recombination 
(>1000 fold higher than control) by an active transposon (Xiao and Peterson submitted to 
Nature Genetics). This frequency is 10 to 100 times higher than that observed for direct 
induction of a DSB (Chiurazzi et al. 1996). One possible explanation for this high level of 
enhancement is that ±e Ac transposase can recruit host factors that participate in the 
recombination process. Some lines of evidence indicate the host plant factors are involved in 
transposition. First, host proteins that bind subterminal regions of Ac elements were found in 
both tobacco and maize (Becker and Kunze 1996; Levy et al. 1996). Second, a recessive 
mutation found in Arabidopsis can increase the frequency of Ac transposition. Both of these 
cases support the idea that host factors may participate in the transposition reaction (Jarvis et 
al. 1997). Possibly, the Ac transposition process may recruit host factors that promote 
recombination. 
An alternative explanation for transposon-induced recombination is that the 
intrachromosomal homologous recombination is affected by the transposition process. 
Although the Ac transposition mechanism is not yet known, some evidence indicates that the 
transposase can bind the subterminal regions of Ac and promote the association of the 
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transposon ends (Coupland et aL 1988; Kunze and Starlinger 1989), as a prelude to 
transposition (ftey et aL 1990; Gorbunova and Levy 1997b; reviewed in Saedler and Gierl 
1996). Accordingly, this association of transposon ends may induce a topological change in 
the neighboring chromatin. Such a topological change, in association with the generation of a 
DSB, could enhance the association of the two direct repeats and lead to their recombination. 
If the transposon is inserted within or outside of the repeats, the association of the 
homologous sequences may be less efficient. Further experiments will be required to 
elucidate the relative roles of DSBs, host factors and chromatin structure in transposon-
induced recombination. 
Ac insertion site affects recombination frequency 
The results presented here demonstrate that the Ac insertion site can affect the 
frequency of intrachromosomal homologous recombination at maize P locus. In yeast, a 
system with two direct repeats separated by an internal sequence was used to study mitotic 
intrachromosomal recombination. When the DSB was induced in the internal region, the 
recombination frequency was >10 times higher than when the DSB was outside the repeats. 
In both cases, >90% of the recombinants were of the deletion type, in which the internal 
sequence was deleted but one direct repeat was retained. Thus, the DSB located in the unique 
region flanked by direct repeats is repaired very efficiently via induced deletion (Prado and 
Aguilera 1995). This recombination product is similar to what we observed at the maize P 
locus. Similar results were obtained in the yeast S. pombe: 99.8% recombinants were of the 
deletion type when the DSB was generated between the direct repeats. If the DSBs were 
generated within one repeat, the deletions were reduced to 77%. This type of deletion was 
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thought to be generated by the SSA pathway (Osman et aL 1996). The occurrence of a DSB 
within or outside of the repeat may lessen the chance for the 3' single stranded DNA 
generated by 5' to 3' exonucleolytic digestion of the DSB site to find its homologous 
sequence. Thus, repair of DBSs at these sites may occur predominantly via other mechanism, 
such as illegitimate recombination, which is the predominant mode of DSB repair in higher 
eukaryotes (review see Roth and Wilson 1988; Sergent et aL 1997; Gorbunova and Levy 
1997a). In contrast, homologous recombination is predominant in yeast and lower 
prokaryotes (Leach 1996). In the maize P locus, because our screening method is based on 
loss function of P gene, we would not have detected other types of recombinants that retained 
P gene function. 
Frequency of colorless sectors in P-9D36A allele 
Although the Ac insertion position in P-9D36A allele is between the two direct 
repeats, its colorless sector frequency is second lowest among all alleles. Neverthless, the 
germinal recombination frequency of this allele is similar to that of other alleles with Ac 
inserted between the repeats. The P-9D36A allele is also similar to the other alleles with Ac 
inserted between the repeats with regard to sector size, because large sectors (> 1 kernel) 
were found only in the group I alleles. As we mentioned above, any mutations that abolish 
the expression of P gene can cause pericarp colorless sectors. The lower colorless sector 
frequency of P-9D36A indicates a lower somatic mutation rate in this allele. This could result 
from a difference in the activity of the Ac transposon in this position. It has been 
demonstrated that Ac element activity can vary depending on Ac copy number and location 
(McClintock 1964; Heilein 1995; review see Fedoroff and Chandler 1994). In our genetic 
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crosses, all these alleles were crossed to a rm-3 Ds testa:. If there is more than one copy of 
Ac in P-9D36A genome, it should have been s^parent from the pattern of purple spots in the 
alenrone generated by Ds excision (Kermicle 1980; Schwartz 1984). A number of studies 
have shown that there is an inverse correlation between Ac activity and its extent of 
methylation (Schwartz and Dermis 1986; Chomet et oL 1987; Schwartz 1989; Brutnel and 
Dellaporta 1994). The upstream Sail site adjacent to the transcription start site of the P-rr 
gene is methylated (Athma and Peterson 1991). However, the P-ovov-Val allele with Ac 
inserted just 49 bp upstream of the P gene transcription start site shows a high frequency of 
colorless sectors. Moreover, the intron 1 region has been shown to be hypomethylated (Prem 
Das and Messing 1994; Chopra et oL 1998). Therefore, the low frequency of colorless 
sectors in P-9D36A alleles cannot be attributed to proximity to a hypermethylated region of 
the P locus. It has been reported that a dominant mutation in a trans-acting product can 
suppress the germinal reversion frequency at the maize waxy gene with a Ds insertion (Eisses 
et al. 1997). However, the basis for the anomalous somatic sector frequency of P-9D36A 
remains to be determined. 
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Table 1. Ac insertion positions, orientations and the frequencies of colorless sectors in 
different maize P gene alleles. 
Alleles Ac position Ac orientation Number of 
kernels'^  
Frequency of 
colorless sectors 
P-rr-ll:666 Outside 5' 5.2 kb w" 21858 0.0234 
repeats ±0.0098" 
P-9D47B Within 5' 5.2 kb ovov'' 21635 0.0164 
repeats ±0.0052 
P-ovov-Val Between two w 22462 0.0353 
5.2 kb repeats ±0.0231 
P-9D36A Between two ovov 20572 0.0173 
5.2 kb repeats ±0.0065 
P-ovov-1114 Between two ovov 19837 0.0482 
5.2 kb repeats ±0.0162 
P-ovov-l2:l- Between two ovov 10010 0.0374 
1 5.2 kb repeats ±0.0103 
a: Ac in w orientation, transcription direction of the Ac element is the same as the P gene 
b: Ac in avov orientation, transcription direction of the Ac element is opposite to P gene 
c; number of kernels examined for sectors 
d; average deviation 
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Table 2. P-values from T-tests of the colorless sector frequency between different alleles. 
Alleles P*-9D47B P-ovov-Val P*-9D36A P-ovov-1114 P-ovov-12:l-l 
P-rr-ll:666 0.0023 0.1880 0.0157 0.0000 0.0000 
P-9D47B 0.0000 0.5353 0.0000 0.0000 
P-ovov-Val 0.0434 0.1759 0.8665 
P-9D36A 0.0000 0.0000 
P-ovov-1114 0.1092 
Table 4. The frequencies of transposon-induced homologous recombination in different 
alleles. 
Alleles Total numbers 
of independent 
events ' 
Total number 
of P-ww 
mutants 
Number of P-ww 
mutants from 
recombination 
Recombination 
frequency'' 
P-rr-ll:666 60 5 0 0 
P-9D47B 54 7 1 0.143 
P-ovov-Val 73 23 19 0.828 
P-9D36A 71 29 18 0.652 
P-ovov-1114 83 23 16 0.739 
P-ovov-12:l-
1 
33 9 6 0.667 
a: Number of kernels with colorless sectors from different P alleles tested 
b: Germinal recombination frequency = (the recombination mutant number)/(the total 
number of P-ww/P-ww mutant) 
Table 3. The sizes of the colorless sectors in different P alleles 
Number of sectors of indicated size 
Alleles <VA 
kernel 
'/4-'/2 
kernel 
'/2-1 
kernel 
1 kernel 2 kernel 3 kernel 4 kernel 5 kernel >6 kernel 
P-rr-
11:666 
444 25 43 0 0 0 0 0 0 
P-
9D47B 
313 9 33 1 0 0 0 0 0 
P-ovov-
Val 
642 39 49 1 0 0 1 0 1 
P-
9D36A 
298 27 59 2 1 0 0 2 0 
P-ovov-
1114 
880 28 35 4 3 0 1 1 4 
P-ovov-
12:1-1 
332 9 31 0 0 0 1 0 1 
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Figure Legends 
Figure 1. Ear phenotypes of P alleles used in this study. 
I: P-rr:ll:666; 2: P-9D47B;3: P-ovov-Val;4: P-9D36A; 5: P-ovov-1114; 
6: P-ovov-I2:I-l 
Figure 2. Upper, Ac insertion sites in different maize P gene alleles. Lower, schematic 
Hii^gram showing Ac-induced homologous recombination. 
5.2 kb direct repeats; —•: P gene transcription start site;\/: Ac insertion; •: Ac 
transcription direction; §; fragment 15: fragment 8B;H: exons; II and 12: intron 1 and 
intron 2; S: SaH site; S*; methylated Soli site; 1: P-rr:11:666', 2: P-9D47B; 3: P-ovov-Val; 4: 
P-9D36A; 5: P-ovov-1114-, 6: P-ovov-12:l-l 
Figure 3. Model for transposon-induced homologous recombination. 
Red lines represent the inserted transposon; green lines, homologous direct repeats; thick 
black lines, sequences internal to the direct repeats; thin black lines, other genomic 
sequences, (a) Transposase binds to the terminal and subterminal region of transposon 
causing the topological change of surrounding chromatin and generating a DNA double-
strand break, (b) Exonuclease degrades from 5' to 3' at the DSB site and generates 3' single-
strand DNA. The transient DSB is repaired by one of two pathways. Single Strand Annealing 
SSA (c-d) or One-sided Invasion OSI (e-h). (c) The 5' to 3' degradation reaches the 
homologous region and two 3' single strand homologous sequences pair with each other, (d) 
Heterologous DNA is digested by exonuclease and gaps are ligated. (e-£) The 3' end invades 
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the homologous repeat copy. The heterologous DNA at the 3' end is removed by 
endonaclease. (g) D-loop is nicked at red arrow, and DNA synthesis follows to generate 
Holiday junction, (h) Resolution of the junction generates the deletion. 
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Figure 1 
Homologous recombination 
induced by Ac insertion 
Figure 2 
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CHAPTER 3. INTRACHROMOSOMAL HOMOLOGOUS 
RECOMBINATION IN ARABIDOPSIS INDUCED BY A 
MAIZE TRANSPOSON 
A paper reviewed by Nature Genetics 
Yongli Xiao' and Thomas Peterson*^ 
Abstract 
In plants, the frequency of spontaneous intrachromosomal homologous recombination 
is low. Here, we show that a maize transposable element greatly stimulates intrachromosoraal 
homologous recombination between direct repeat sequences in Arabidopsis. Plants were 
transformed with a construct (GU-Ds-US) containing a Ds {Dissociation) transposable 
element inserted between two partially deleted GUS reporter gene segments. Homologous 
recombination between the overlapping GUS fragments generates clonal sectors visible upon 
staining for GUS activity. Plants containing the GU-Ds-US construct and a source of Ac 
(Activator) transposase had a >1,000 fold higher incidence of recombination than plants 
containing the same construct but lacking transposase. Transposon-induced recombination 
was observed in vegetative and floral organs, and several germinal-transmitted events were 
'Interdepartmental Genetics Program, Department of Zoology and Genetics, Iowa State 
University. 
Department of Agronomy, Iowa State University. 
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recovered. Transposon-induced recombinatioii appears to be a general phenomenon in plants, 
and thus may have contributed to genome evolution by inducing deletions between repeated 
sequences. 
Results and Discussion 
Homologous recombination plays an important role in the generation of allelic 
diversity and the preservation of genetic information in living organisms. In general, the 
frequency of spontaneous intrachromosomal homologous recombination in plants is low 
(Athmaef al. 1991; Lowe etal. 1992; Swoboda etal. 1994). However, it has been observed 
that transposable element Activator (Ac) insertions between directly repeated sequences in the 
maize P locus can induce homologous recombination (Athmaef al. 1991). Ac may also 
destablize a tandem duplication in the maize bz locus (Dooner and Martinez-Ferez 1997), 
albeit at a much lower frequency than observed for the maize P locus. To test the generality of 
transposon-induced recombination, we asked whether a maize Ds transposable element could 
induce recombination between overlapping segments of a bacterial gene (uidA) in the 
dicotyledenous plant Arabidopsis. 
We inserted a Ds element (courtesy of V. Sundaresan) between two partially 
overlapping non-fimctional segments of the P-glucuronidase gene (Jefferson et al. 1987) 
(GUS; courtesy of H. Puchta) to generate a binary plant transformation vector termed GU-
Ds-US (Figiu« 1). The homologous direct repeat sequences are 618 bp in length, and the 
distance between them is 6.3 kb including the 4.6 kb Ds element. Arabidopsis thaliana 
ecotype Columbia was transformed with the GU-Ds-US construct by vacuum infiltration 
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(Bechtold et oL 1993). Starter lines homozygous for a single copy of GU-Ds-US were 
selected and crossed with lines expressing Ac transposase, and with non-Ac control lines {No-
O, Landsberg). The progeny plants were grown to full rosette stage and stained with X-gluc 
reagent (Rgure 2). Blue sectors, indicative of restoration of the GUS coding sequence, were 
observed in all plant parts examined, including roots, hypocotyls, cotyledons, petioles, leaves, 
siliques and seeds (Figure 2). The GUS+ sectors ranged in size from <10 cells, to occasional 
large sectors that encompassed ¥z or more of an entire leaf (Hgure 2b). These results indicate 
that transposon-induced recombination events can occur in both vegetative and floral tissues, 
and at most or all stages of plant development. 
As shown in Table 1, plants in the control group (genotype GU-Ds-US/+, no Ac) had 
zero or few blue sectors (average of 0.6 blue sectors per plant), whereas plants in the 
experimental group commonly had hundreds of blue sectors (average of 700 blue sectors per 
plant). These results were obtained from three independently transformed GU-Ds-US lines 
(DsI5, DsI6, Dsn?), in crosses with three different lines expressing Ac transposase (CS8045, 
CS8537, CS8538). Based on the average numbers of blue sectors shown in control group 
plants, the calculated spontaneous recombination frequency of the GU-Ds-US transgene in 
the absence of Ac transposase is approximately 1.99 x 10"' to 5.40 x 10"* events/genome 
(Swoboda et al. 1994), which is determined by relating the number of recombination events 
(sectors) to the number of genomes present per plant at the plant staining stage. This 
frequency is similar to that reported by others for spontaneous recombination of a similar 
GUMS transgene (Swoboda et al. 1994, 1995; Chiurazzi et al. 1996). In the presence of the 
sAc transposase source, ±e average recombination frequency is increased >1,(X)0 fold. 
84 
We determined the structure of the GU-Ds-US transgene in the presence or absence of 
the Ac transposase source (xAc) using PGR amplification of genomic DNA (Hgure 3). A band 
predicted to arise from the restored GUS gene was obtained using DNA from plants 
containing the GU-Ds-US construct together with sAc (Hgure 3, lane 6), but not from plants 
lacking sAc (Figure 3, lane 11). The PGR band from the presumptive recombination product 
was sequenced and found to contain a precisely restored GUS gene (not shown). Similarly, a 
PGR product predicted to arise from Ds excision from the GU-Ds-US construct was found 
only in plants containing sAc (Hgure 3, lane 5), but not in plants lacking sAc (Hgure 3, lane 
10). The sequence of the presumptive Ds excision product showed that it contained a typical 
Ds excision footprint (not shown). 
Among the progeny of the variegated GUS+ plants, we detected several plants with 
uniform GUS+ expression. To test for germinal transmission of a recombined GUS transgene, 
we analyzed the genomic DNA from plants with uniform GUS expression by Southern 
hybridization. Hybridization with GUS-specific probe "U" (Figure 1) detected two bands (7.3 
kb and 4.7 kb) in i/mdlll-digested DNA from a plant of genotype GU-Ds-US/-, sAc/- (Figiu^ 
4a, lane 2), whereas the GUS-specific probe detected only one band of 5.0 kb in DNA from 
two plants with uniform GUS expression (Figure 4a, lanes 3 and 4). Similar results were 
obtained from Xfeol-digested DNA hybridized with "U" probe (Figure 4b). The "U" probe 
detected one large band (12 kb) from a plant of genotype GU-Ds-US/-, sAc/- (Figure 4b, lane 
1), and a small band (5.2 kb) in two plants with uniform GUS expression (Figure 4b, lanes 3 
and 4). These results are consistent with recombination between the homologous regions of 
the GU-Ds-US construct, because there is no Xhol site in the construct. Additionally, we 
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detected the simple Ds excision band (7.4 kb) in DNA from the plant of genotype GU-Ds-
US/GU-US, sAc/- (Rgure 4b, lane 2). To verify that the recombinant GUS+ plants were 
derived from the original GU-Ds-US transformants, additional Southern hybridizations were 
performed using enzymes that cleave in the DNA flanking the transgene insertion. Genomic 
DNA from plants of genotype GU-Ds-US, sAc and the uniform GUS+ plants were digested 
with EcoRV and hybridized with probe "S" specific for the 3' end of the GU-Ds-US construct 
(Figure 1). The "S" probe hybridizes to the same 4.2 kb band in the GU-Ds-US progenitor 
plants and the uniform GUS+ plants (Hgure 4c). This result indicates that the two GUS+ 
plants could not have arisen by seed or pollen contamination, but did in fact originate by 
recombination of the GU-Ds-US transgene locus. 
A recent study indicates that Ac transposon insertions do not stimulate meiotic 
recombination at the maize bronze locus (Dooner and Martinez-Ferez 1997). In contrast, Ac 
elements can induce premeiotic recombination between 5.2 kbp direct repeat sequences in the 
maize P locus. Additionally, Ac is reported to induce low levels of somatic recombination 
between ectopic sites in transgenic tobacco (Shalev and Levy 1997). Here, we show that Ds, a 
maize transposon, stimulates intrachromosomal homologous recombination between directly-
repeated sequences mArabidopsis. The sectors of GUS+ cells we detected were clearly of 
premeiotic origin, whereas the uniform GUS-t- seedlings may have resulted from either 
premeiotic or meiotic recombination. Plants lack a germ line, and hence premeiotic 
recombination events could be transmitted to the next generation if a GUS+ clonal sector 
contributes to the gametophytic lineage. Induction of recombination is not unique to the 
Ac/Ds transposon families, as the Mutator transposon also promotes recombination between 
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direct repeat sequences in the maize Knotted locus (Lowe et oL 1992). Therefore, transposon-
induced homologous recombination may be a general phenomenon in plants, and possibly 
other organisms (Thompson-Stewart et al. 1994). All plant genomes studied to date contain 
transposon-like elements and repetitive sequences, and many contain duplicated genes. Our 
results suggest that, in addition to increasing genome size by generating local sequence 
duplications (Zhang and Peterson accepted by Genetics), transposable elements can also 
reduce genome size by inducing deletions between directly repeated sequence elements. 
The mechanism of transposon-induced recombination remains to be determined, but 
one possibility is that recombination is stimulated by DNA double strand breaks (DSBs) 
generated by transposcn excision. DNA double strand breaks are known to initiate 
recombination in fungi (Szostak et al. 1983). JnArabidopsis, generation of DSBs by HO 
endonuclease increased the frequency of somatic intrachromosomal homologous 
recombination about 10 fold (Chiurazzi etal. 1996). In contrast, we observe a >1000x 
enhancement in recombination over the spontaneous frequency. This high recombination rate 
suggests that the action of Ac transposase may not be explained solely by induction of DSBs, 
but could possibly reflect a heretofore unknown effect of Ac transposase, such as to mediate 
the pairing of homologous sequences, to recruit host recombination factors, or both. 
Alternatively, because Ac/Ds transposition is thought to occur predominantly or exclusively 
following DNA replication (Chen et al. 1992), transposon-generated DSBs may occur at a 
particular time of the cell cycle in which recombination is enhanced relative to simple 
transposon excision. 
87 
Transposon-induced recombination may be nsefiil to enhance the frequency of certain 
homology-dependent gene manipulations in plants. The Arabidopsis and maize genomes are 
currently being saturated with Ac/Ds insertions (Long et al. 1997) and it may be possible to 
induce recombination between endogenous sequence duplications that carry Ac/Ds insertions. 
Such recombination events would generate interstitial deletions that could simplify the analysis 
of multicopy gene clusters such as are frequendy associated with disease resistance genes 
(Welin et al. 1995; Capel et al. 1997; Takken et al. 1998). Transposon-induced recombination 
might also be used to delete undesirable sequences from integrated transgenes, or to delete 
multiple transgene copies that are commonly generated in many transformation protocols 
(Kwok et al. 1985; Klein et al. 1989). Of greatest benefit would be the development of an 
efficient gene targeting system. Targeted gene disruption by homologous recombination in 
Arabidopsis was recentiy reported (Kempin et al. 1997), but gene targeting remains difScult 
in plants due to the low frequency of homologous recombination. Here we unambiguously 
demonstrate that Ac/Ds transposons can stimulate recombination between two homologous 
sequences in cis. However, it remains to be determined, whether transposon-induced 
recombination may also enhance recombination in trans, and thereby facilitate the 
development of a workable gene-targeting system in plants. 
Methods 
Construction of binary yector GU'Ds-US. Vector pWS31 (Sundaresan etaL 1995) 
from Dr. V. Sundaresan was digested with Sail to remove the GUS gene fragment, then 
leligated to form pWS31 Y which contains a Ds element with a NPTII selection marker. 
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Plasmid pWSSlY was cleaved with Sad to release the 4.7 kb band containing Ds, to which 
was Hgated SacI-PstI linker fragments (synthesized by the ISU Nuclei Acid Facility). Plasmid 
pGU.US (Tinland et oL 1994) was cleaved with PstI and ligated to the Ds element with 
attached SacI-PstI linkers to generate GU-Ds-US. Restriction enzyme digestions, ligations 
and plasmid preparations were performed according to standard protocols and manufacturer's 
instructions (Sambrook et aL 1989) 
Plant transformations and histochemical assays. Arabidopsis thaliana ecotype 
Columbia was transformed by vacuum infiltration (Bechtold et ai 1993) with Agrobacterium 
strain ASE (obtained from E. Meyerowitz) containing the binary vector GU-Ds-US, and 
transformed seeds were selected by growth on agar media containing 30 |J.g/ml kanamycin. 
Kanamycin resistant lines were further screened by progeny testing and Southern hybridization 
to identify three independent lines (DsI5, DsI6, DsII?) that carried a single integrated GU-Ds-
US transgene. Ac transposase lines (CS8037, CS8038, CS8045) were obtained from 
Arabidopsis Biological Resource Center (ABRC). Plants were grown as described (Knocz et 
al. 1992). Histochemical staining of leaf samples or whole plants at the fiill rosette stage was 
performed as described (Swoboda et al. 1994; Jefferson et al. 1987). X-Gluc (5-bromo-
chloro-3-indolyl-P-D-glucoronide) was from Rose Scientific Ltd. Canada. 
PGR and Southern blot hybridizations. Genomic DNA samples were amplified by 
PCR for 35 cycles as foUows: denaturation at 94°C for 30 sec; aimealing at 57°C for 30 sec; 
elongation for 1 min at 72°C for 35 cycles. PCR products were cloned into pTTBlue T-vector 
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(Novagen) and sequenced at the ISU DNA Sequencing and Synthesis Facility. Probe 
preparations and Southern blot hybridizations were performed as described. 
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Table I. Frequencies of GUS+ blue sectors in plants containing GU-Ds-US transgene 
GU-Ds-US lines Control Lines Ac Transposase Number of Number of Blue 
(no Ac) Lines Plants Spots 
D s I 5  Landsberg 
— 
9 3 
No-0 
— 10 11 
CS8045 10 3310 
CS 8537 11 2467 
CS 8538 7 3152 
D s I 6  No-0 
— 10 3 
CS 8537 11 11956 
D s n ?  No-0 — 10 7 
CS 8537 10 5465 
CS 8538 10 7984 
DsI5, DsI6 and DsII? are independent GU-Ds-US transgenic lines; Landsberg and No-0 are 
control wild type lines; CS8045, CS8537 and CS8538 are three lines which express Ac 
transposase. Blue sectors were visualized under a dissecting microscope at 5x magnification. 
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Figure Legends 
Figure 1. Structure of the GU-Ds-US construct and recombination products, a. Upper, map 
of the GU-Ds-US construct integrated into the plant genome. RB and LB, T-DNA right 
border and left border sequences, respectively; P, 35S promoter of CaMV; T, nopaline 
synthase terminator; GU and US indicate the partially overlapping GUS gene fragments; 
triangle, Ds element containing NFITI gene. Lower, map of GUS gene restored by 
homologous recombination between the direct repeat sequences. Restriction sites for HiivSBl, 
Xhol and EcoRV are indicated, mm, plant genome DNA; —•, primers used in Rgure 3; 
ssm and , U and S probes used in Hgure 4. 
Figure 2. GUS activity stain of plants transformed with GU-Ds-US and crossed with Ac 
transposase source, a, frequent small blue sectors in leaves; b, leaf with Vi blue sector, 
indicating an early recombination event; c, blue sectors in cotyledons; blue sector 
encompassing new leaves, indicating a recombination event in meristem; d, siliques containing 
blue seeds; e, isolated blue seeds; f, uniform blue F3 seedlings. 
Figure 3. PCR analysis of genomic DNA from GU-Ds-US transformant plants, lane 1, MW 
standards (Ikb ladder, BRL); lane 2, PCR negative control (primers G1 + H3, using dH20 
instead of plant DNA); lanes 3-7, DNA from plants of genotype GU-Ds-US/-, sAc/-; Lanes 
8 - 12, DNA from plants of genotype GU-Ds-US/-, no Ac. Lanes 3 and 8, primers H2 + Dl; 
lanes 4 and 9, primers G1 + H3; lanes 5 and 10, primers HI + H2; lanes 6 and 11, primers PI 
+ Si; lanes 7 and 12, primers X and Y (specific for Ac). Primer sequences are: 
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PI. GAAGACTCAGACTCAGACT; Gl, GGTGGGAAAGCGCGTTACAAG; 
H3, CGTCTGGACCGATGGCTGTG; H2, TTCGGGGCAGTCCTCGG; 
HI, GATGTAGGAGGGCGTGG; Dl, GATCCGGTTCTCTCCAAATG; 
SI, CrGTCTGGCTTTTGGCTGTG; X, GGATATrCTGCAACCCTTCCCCTCC; 
Y, CTCGCAGGTATGTTTGTCTC 
Figure 4. Southern blot analysis of recombination in the GU-Ds-US construct 
a, DNA was digested with Hmdin and hybridized probe "U". Lane 1, DNA from wild type 
Arabidopsisy lane 2, DNA from variegated GUS+ plants of genotype GU-Ds-US/- sAc/-; lanes 
3 and 4, DNA from uniform GUS+ plants, derived by recombination of the GU-Ds-US 
construct, b, DNA was digested with Xhol and hybridized with probe "U". Lane 1, DNA 
from variegated GUS+ plants of genotype GU-Ds-US/- sAc/-; Lane 2, DNA from variegated 
GUS+ plants of genotype GU-Ds-US/GU-US sAd-, lanes 3 and 4, DNA from uniform GUS+ 
plants, derived by recombination of the GU-Ds-US construct, c, DNA was digested with 
£coRV and hybridized with probe "S". Lanes are loaded as in panel a. 
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CHAPTER 4. GENERAL SUMMARY 
Transposable elements were first identified by Barbara McClintock as genetic 
elements that can transpose to new chromosomal locations and cause chromosome breakage. 
McClintock named them "controlling elements" for their ability to alter the expression of 
nearby genes (McClintock 1948, 1949, 1956). Later, different transposable elements were 
discovered in a number of organisms and studied at the molecular level (see reviews in 
Saedler and Gierl 1996). Transposable elements can induce deletions, inversions, 
duplications and other rearrangements, and thereby contribute to genome evolution 
(Ginzburg et al. 1984; Mackay 1986; Finnegan 1989; Kidwell and Lisch 1997). The 
transposition process involves several steps, including cutting DNA at the donor site, repair 
of the empty donor site and insertion of the transposon at the new site (Saedler and Nevers 
1985). The transposition reaction likely involves host recombination factors because the 
repair of the empty donor site is thought to occur in plants via illegitimate recombination 
(non-homologous end joining) (Coen et al. 1989; Baran G et al. 1992; Scott et aL 1996; 
Rinehart et aL 1997; Gorbunova and Levy 1997). 
Many lines of evidence show that transposons can, in addition, affect the host 
homologous recombination pathway. In E. coli, Tn7 transposition creates a hotspot for 
homologous recombination at  the transposi t ion donor si te  (Hagemann and Craig 1993).  ISIO 
intermolecular transposition is able to greatly stimulate, and is coupled to, homologous 
recombination between the donor and acceptor molecules at the transposition site 
(Eichenbaum and Livneh 1995). In Drosophila, the P element has been shown to increase 
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male recombination frequency (Hiraizumi 1971; Svoboda et al. 1995; Preston and Engels 
1996) and to promote efficient gene conversion, which allows site-specific gene replacement 
and chromosome rearrangement (Engels et al, 1990; Gloor etal. 1991; Lankenau et al. 1996; 
Preston and Engels 1996). In plants, the maize transposable element Ac can induce 
homologous recombination between direct repeat sequences at the maize P locus and cause 
large (17 kb) deletions including the P gene coding region, and hence give rise to colorless 
sectors on maize ears (Athma and Peterson, 1991). Another maize transposon, Mul, can also 
increase the recombination rate 100-2000 fold at the KnI-0 tandem duplication in maiy/^ 
(Lowe et oL 1992). Mul element also increases the meiotic recombination and gene 
conversion rates at Knl locus (Mathem and Hake 1997). In contrast, in the absence of a 
transposon insertion, the homologous recombination rates are very low in both P and Knl 
gene. In transgenic tobacco, the Ac element was reported to be able to induce somatic 
recombination between homologous ectopic sequences (Shalev and Levy 1997). 
The maize P gene is located on the short arm of chromosome 1 and encodes a 
transcription activator of genes involved in the synthesis of a red flavonoid pigment in the 
pericarp, cob and other floral tissues (Styles and Ceska 1977, 1989; Grotewold et al. 1991, 
1994). The maize P gene was cloned by Ac tagging (Lechelt et al. 1989). The P gene has a 
unique structure, in which the coding region is flanked by two 5.2-kb directed repeats. This 
structure and the non-essential visual pigmentation conferred by the P gene, make the P gene 
a good natural substrate to study intrachromosomal recombination in plants. 
In Chapter Two of this dissertation, we used genetic and molecular procedures to 
further analyze transposon-induced homologous recombination at the maize P gene. The aim 
of this study was to test the effects of position of Ac insertion on the recombination 
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frequency. A collection of six P gene alleles was available. Each allele carries an Ac insertion 
at a different site in and around the P gene: outside of the direct repeats, within the direct 
repeat, and between the direct repeats, in both possible orientations. Colorless kernel pericarp 
sectors generated by candidate homologous recombination events were counted and 
examined. The frequencies of colorless sectors produced by alleles with Ac insertions 
between the direct repeats (group I) were signi^cantly higher than by alleles with Ac 
insertions within or outside the repeats (group II). Large colorless sectors (>1 kernel) were 
only observed in the group I alleles. Null alleles (P-ww/P-ww) recovered from each Ac 
insertion allele were analyzed by Southern hybridization. Among 84 null mutants derived 
from group I alleles, 59 (average 72%) resulted from homologous recombination between the 
two repeats. In contrast, only 13 null mutants were recovered from group n alleles, and only 
one of the 13 was generated by recombination at the P locus. Taken together, these results 
indicate that Ac insertion sites located between the direct repeats at the P locus can give 
higher homologous recombination frequencies than Ac insertion sites located outside or 
within the repeats. In contrast, the orientation of the Ac insertion may not affect the 
transposon-induced recombination frequency at P locus. 
Chapter Three presents the results of experiments designed to test whether 
transposon-induced homologous recombination can also occur on an artiflcial recombination 
substrate in transgenic Arabidopsis. The recombination substrate (GU-Ds-US) contained two 
overlapping nonfunctional GUS gene fragments with a Ds element inserted between. The 
GUS fragments in the construct were incomplete and hence could not encode active GUS 
protein. The construct was transformed into Arabidopsis, and plants containing the GU-Ds-
US construct were crossed to lines expressing Ac transposase. We found that plants 
102 
containing the transposase gave rise to >1000 times more blue spots after staining with GUS 
substrate than plants lacking transposase. The blue spots represent restoration of GUS 
function. The mechanism was demonstrated by molecular analysis to have occurred via 
homologous recombination between the two GUS fragments. 
Taken together, these results show that active transposons can induce 
intrachromosomal homologous recombination. They also suggest that transposon-induced 
homologous recombination could be a general phenomenon in plants and thus play an 
important role in genome evolution (Thompson-Stewart et aL 1994). Although homologous 
recombination in plants is less frequent than illegitimate recombination, it is an important 
research area because it will likely be essential for gene targeting and site specific 
recombination in plants (Chiurazzi et al. 1996; Puchta et aL 1993, 1996, 1998a, Puchta 
1998b; Shalev and Levy 1997). Thus, it may be possible to use widely existing transposable 
elements to enhance the frequency of certain homology-dependent gene manipulations in 
plants. For example, recombination events in multicopy gene clusters, such as are frequently 
associated with disease resistance genes (McDowell et al. 1998; Takken et al. 1998), could 
be used to generate interstitial deletions that could simplify the analysis of the cluster. 
Second, transposon-induced recombination might also be used to delete undesirable 
sequences from integrated transgenes, or to delete multiple transgene copies that are 
commonly generated in many transformation protocols (Kwok et al. 1985; Klein et al. 1989). 
Finally and most importantly, transposon-induced recombination could provide a new 
approach for efHcient gene targeting system in plants. Targeted gene disruption by 
homologous recombination in Arabidopsis was recently reported (Kempin et al. 1997), but 
gene targeting remains difficult in plants due to the low frequency of homologous 
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recombination. Here we unambiguously demonstrate \haxAc/Ds transposons can stimulate 
recombination between two homologous sequences in cis. However, it remains to be 
determined, whether transposon-induced recombination may also enhance recombination in 
trans, and thereby facilitate the development of a workable gene-targeting system in plants. 
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